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Abstract

Polymeric compounds that mimic the stimuli-responsive behaviour of natural organisms have
emerged as powerful tools for the design of innovative, smart, human-made materials. One
important class thereby are self-reporting polymeric materials. These materials visually report
changes or damages caused by different stimuli (e.g. mechanical forces, temperature, pH, light
or chemicals) immediately without the need of sophisticated instruments.

On this premise, in the present thesis two different systems of self-reporting polymeric
materials were investigated. The first one is based on a polymeric system with
chemiluminescent (CL) properties, i.e. the system emits light in the visible range as a direct
response to chemical stimuli. Therefore, statistical copolymers of methyl methacrylate
(MMA), pentafluorophenyl acrylate (PFP-A) and 4-vinyl benzylchloride (VBC) were synthesized
via free radical polymerization (FRP). Subsequently, post-polymerization modifications (PPM)
were conducted to introduce the desired properties to the polymer. Substitution of the PFP-
moieties with luminol as luminophore enabled the CL reaction output, while modification of
the VBC units with the organic superbase 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) provided
the required basic environment for the successful CL reaction of luminol. In the presence of
randomly methylated p-cyclodextrin (B-CD), the TBD-units were encapsulated and
supramolecular assemblies mimicking biomolecule-substrate interactions were formed. Upon
the addition of chemical stimuli (e.g. reactive oxygen species (ROS)), the host-guest
interactions were disrupted and the luminol moieties were oxidized to the excited 3-
aminophthalhydrazide units, which emitted a striking blue-green light when returning to the
ground state. Additionally, as a positive side-effect, the CL emission of luminol was enhanced
by the B-CD. The novel self-reporting polymeric system and its CL properties were
characterised by 1D and 2D nuclear magnetic resonance (NMR) spectroscopy, dynamic light
scattering (DLS), UV/Vis spectroscopy and CL measurements.

However, light is not only able to self-report the presence of certain stimuli, but also acts as
stimulus itself. Thereupon focuses the second system of the investigated self-reporting
polymeric materials. By means of the Passerini Multi-Component-Reaction (MCR), photo-

sensitive tetrazole-containing monomers were synthesized that subsequently allowed a direct



reversible-deactivation radical polymerization (RDRP). Depending on the tetrazole species,
the obtained polymer was folded and post-modified under irradiation with UV- (Aem = 320 nm)
or visible (Aem = 420 nm) light. Light irradiation leads to the release of N, from the tetrazole
and subsequently, to the formation of a nitrile-imine dipole. This nitrile-imine dipole can react
with various substrates such as amino acids, boronic acid derivatives, alcohols or thiols. Most
importantly, the dipole can react with alkene moieties (e.g. maleimides) to form highly
fluorescent pyrazolines. Since this photoreaction, i.e. the nitrile-imine mediated tetrazole-ene
cycloaddition (NITEC), leads to a colour change of the reaction mixture (from almost colourless
to a strong yellow), the reaction progress can be readily monitored by the naked eye as well
as by absorbance and fluorescence measurements. The synthesis of the monomers, polymers
and photoproducts were characterised via NMR spectroscopy, SEC, UV/Vis- and fluorescence

spectroscopy.



Zusammenfassung

Polymere Materialien, die das stimuli-responsive Verhalten von natlrlichen Organismen
nachahmen, haben sich als nitzliches Werkzeug fiir das Design innovativer, intelligenter,
synthetischer Materialien herausgestellt. Eine wichtige Klasse hierbei sind die selbst-
berichtenden Materialien, welche Veranderungen oder Schaden durch verschiedene Stimuli
(z. B. mechanische Krafte, Temperaturen, pH, Licht oder Chemikalien) sofort und ohne
komplexe Instrumente visuell anzuzeigen kdénnen.

Unter dieser Pramisse wurden in der vorliegenden Doktorarbeit zwei verschiedene Systeme
selbst-berichtender polymerer Materialen untersucht. Eines davon basiert auf einem
Polymersystem mit chemilumineszenten (CL) Eigenschaften, also einem System, welches
sichtbares Licht als direkte Antwort auf chemische Stimuli ausstrahlt. Dafuir wurden mittels
der freien radikalischen Polymerisation (FRP) statistische Copolymere aus Methylmethacrylat
(MMA), Pentafluorophenylacrylat (PFP-A) und 4-Vinyl-Benzylchlorid (VBC) hergestellt.
AnschlieBend wurde das Polymer mit den gewiinschten Eigenschaften durch Post-
Polymerisationsmodifikationen (PPM) versehen. Substitution der PFP-Einheiten mit Luminol
als Luminophor ermoglichte die CL als Reaktionsprodukt, wohingegen die Modifikation der
VBC-Einheiten mit der organischen Superbase 1,5,7-Triazabicyclo[4.4.0]dec-5-en (TBD) die
notwendige Basizitat fir die erfolgreiche CL sicherstellte. In der Gegenwart von statistisch
methyliertem [B-Cyclodextrin (B-CD) wurden die TBD-Gruppen eingeschlossen und
supramolekulare Einheiten analog zu Biomolekil-Substrat-Wechselwirkungen gebildet. Durch
die Zugabe von chemischen Stimuli (bspw. reaktive Sauerstoffspezies) wurden die Wirts-Gast-
Bindungen gel6st und die Luminol-Einheiten zu angeregten 3-Aminophthalhydrazid-Einheiten
oxidiert, welche bei der Riickkehr in den Grundzustand strahlend blaugriines Licht emittierten.
Als positiver Nebeneffekt wurde durch das B-CD zuséatzlich die CL Emission von Luminol
erhoht. Das neue selbst-berichtende Polymersystem und seine CL-Eigenschaften wurden
mittels 1D und 2D nuklearer magnetischer Resonanzspektroskopie (NMR), dynamischer
Lichtstreuung (DLS), UV/Vis-Spektroskopie sowie CL-Messungen charakterisiert.

Licht kann jedoch nicht nur die Gegenwart von chemischen Stimuli anzeigen, sondern auch

selbst als Stimulus agieren. Darauf basiert das zweite System der untersuchten selbst-



berichtenden polymeren Materialien. Zunachst wurden mittels der Passerini
Multikomponenten-Reaktion licht-sensitive Monomere mit Tetrazol-Einheiten synthetisiert,
welche anschlieBend eine radikalische Polymerisation mit reversibler Deaktivierung
ermoglichten. Abhangig von den Tetrazol-Derivaten konnte das erhaltene Polymer durch
Bestrahlung mit UV- (Aex = 320 nm) oder sichtbarem (Aex = 420 nm) Licht gefaltet und post-
modifiziert werden. Die Bestrahlung mit Licht fiihrt zu der Freisetzung von N2 aus dem Tetrazol
und ein Nitril-Imin Dipol wird generiert. Dieser Nitril-Imin Dipol kann mit verschiedenen
Substraten, z.B. Aminosauren, Borsaurederivaten, Alkoholen oder Thiolen reagieren. Am
wichtigsten jedoch ist die mogliche Reaktion des Dipols mit Alkengruppen (bspw. Maleimide),
bei der stark fluoreszierende Pyrazoline entstehen. Da diese Photoreaktion, genauer gesagt
die Nitril-Imin vermittelte Tetrazol-En Cycloaddition (NITEC), zu einer Farbanderung der
Reaktionslésung (von fast farblos bis stark gelb) fiihrt, kann der Reaktionsverlauf einfach mit
dem bloRen Auge, Absorbanz- oder Fluoreszenzmessungen beobachtet werden. Die Synthese
der Monomere, Polymere und die Produkte der Photoreaktion wurden mittels NMR

Spektroskopie, GPC, UV/Vis- und Fluoreszenz-Spektroskopie analysiert.



Publications and Conference
Contributions

Publications Arising from this Thesis

Passerini Multi-Component Reactions Enabling Self-Reporting Photo-Sensitive Tetrazole-

Polymers. C. M. Geiselhart, H. Mutlu, C. Barner-Kowollik, in preparation.

Untapped Toolbox of Luminol Based Polymers. C. M. Geiselhart, C. Barner-Kowollik, H. Mutlu,

Polym. Chem. 2021, https://doi.org/10.1039/D1PY00034A.
Prevent or Cure — The Unprecedented Need for Self-Reporting Materials. C. M. Geiselhart, H.

Mutlu, C. Barner-Kowollik, Angew. Chem. 2020, https://doi.org/10.1002/anie.202012592.
Chemiluminescent Self-Reporting Supramolecular Transformations on Macromolecular

Scaffolds. C. M. Geiselhart, H. Mutlu, P. Tzvetkova, C. Barner-Kowollik, Polym. Chem. 2020,

11,4213.

A Guanidine-Based Superbase as Efficient Chemiluminescence Booster. C. M. Geiselhart, C. W.

Schmitt, P. Jockle, H. Mutlu, C. Barner-Kowollik, Sci. Rep. 2019, 9, 145109.

Other Publications

Degradable Redox-Responsive Novel Polyolefin Derivatives. C. M. Geiselhart, W. Xue, C.

Barner-Kowollik, H. Mutlu, Macromolecules. 2021, accepted.
Untapped Potential for Debonding on Demand: The Wonderful World of Azo-Compounds. H.
Mutlu, C. M. Geiselhart, C. Barner-Kowollik, Mater. Horiz. 2018, 5 162.

Polybutadiene Functionalization via an Efficient Avenue. C. M. Geiselhart, J. T. Offenloch, H.

Mutlu, C. Barner-Kowollik, ACS Macro Lett. 2016, 5, 1146.

Conference Contributions

Organic Superbases as Efficient Chemiluminescence Booster (Poster Presentation)

C. M. Geiselhart, C. W. Schmitt, P. Jockle, P. Tzvetkova, H. Mutlu, C. Barner-Kowollik,

Macromolecular Colloquium Freiburg, February 26t — 28t 2020.






Table of Contents

L o 13 o - T or SRR [
WAV LY 10010 0 T=T o) = T U LoV -SSR 11
Publications and Conference Contributions ........ccueeiiiiiiii e e Vv
LI L o1 (Sl 0o ) =Y oY SRR VI
[oY i foTe [T o1 1o o RSN PP 1
Theoretical BaCkgroUNd .......coooiiiiiieiie et e e e s aa e e s e aaa e e e enes 5

2.1  Polymers — Synthesis and Modification TeChNIQUES .......cceeviiviiciiiieieee e, 5
2.1.1  Free Radical Polymerization (FRP).....cccouueeeiiiiiiiirieeee et 7
2.1.2  Reversible Addition Fragmentation Chain Transfer (RAFT) Polymerization........ 9
2.1.3  Passerini Multi-Component Reaction (P-MCR) ......ccccceeeeiiieeeiiiiiee e, 11
2.1.4  Post-Polymerization Modification (PPM).......ccccoeeieiiiiieieiiiiee e, 15

P20 A o oV} o Yo o T=T o o1 1 o o PR 17
D R - 7= 1 Tl T Vol o] =T3S 17
2.2.2  Photochemical REACIONS ...ccccuviieeeiiiiie et e e 19
D T =Y d - 2o ] L= SR 23

P20 T @ o V=T o o 11 (8T a1 V=T o Y Lol SRR 26
2.4 Organic Compounds as Handles for Self-Reporting CL-Materials.........c.cccceeeernneennn. 29
2 5 R W 1o o1 Vo SRR 29
2.4.2  OrganiC SUPEIDASES ...ccciiieitteeeeee ettt erre e e e e e e e e e e e e e e e e s e nrraaneeas 31
2.4.3  HoSt-GUESt Chemistry ... e e 33
RESUILS aNd DISCUSSION eeeeuieeieeeciiiieeceiieee e sitee e et e e et e e e e e e e e s e e e e sennaeeeeennnaeeeennnaneeeas 35

3.1 A Luminol-Based Self-Reporting SYStemM ........ccoovieciiiiiii et 35
3.1.1 Contest of Organic SUPEIrbasES .......ccccuuiiiiiii e 36
3.1.2  Mechanism of the TBD-Mediated LUMINOI-CL........ccccvreirriireeeeiiieee e, 39
3.1.3  Synthesis of the LUmINoOI-TBD-PolyMEer......ccccooeiiiiiiieee e, 41
3.1.4  Supramolecular ASSEMDBIY .......eeeeeeiiiieiiieeee e 45



3.1.5 Self-Reporting Chemiluminescent QULPUL .........ccccvrieieeiieeiccciirreeeee e, 47

3.2  ASelf-Reporting System based on Tetrazole and its Derivatives..........cccccceeeeevnnnnn. 50
3.2.1  Synthesis of Tetrazole-Polymers via the P-MCP ...........ccceeevveeieiiieeeecceee e, 50
3.2.2  Synthesis of Tetrazole-Monomers via P-MCR........cccccccviiriiieeiniiieee e 54
3.2.3  RAFT-Polymerization of the Tetrazole-Monomers T4 and T6 ...........cccvvveeenneeee. 57

3.2.4  Light-Controlled Orthogonal Self-Reporting Behaviour of the Synthesized RAFT

0] 1Y 41T PSPPSRI 59
SUMMArY and OULIOOK .....oeiiiiiiiii e e s e e e s sbae e e e enaes 69
EXPEIrIMENTAl PArt....eeiiie ettt et e e e s e e e e e e eata e e e e e areeae s 73
5.1 IMAterIalS .ottt s 73
5.2 EXPerimental ProCEAUIES .......cociuiiiii ittt stee ettt e ettt e e e s e e e st e e e e nnaeea s 75
5.2.1  Synthesis of the TBD-Derivatives TBD1-TBD3.......cccccvviiiiriieeeeiiiieeeesveee e 75
5.2.2  Synthesis of the active-ester polymers.....ccccco oo, 78
5.2.3  Synthesis of the lumMIinNol-polyMEers........coociiiiiiciiiiie e 82
5.2.4  Synthesis of the [uminol-TBD-POIYMErS......cccciiiicciiiieeee e 88
5.2.5 Procedure for the host-guest complexation.........cccoeeeeieeieiiiiiieeeeee e, 90
5.2.6  1,6-Diisocyanohexane (DICH) .......ccccuiiieiiiieee et 91
5.2.7  Synthesis of the tetrazole-aldehyde derivatives.......cccccceeeeecciiiieeeee e, 92
5.2.8  PassSerini-MCP........ccccciiiiiiiiiiiiiii i 100
5.2.9  PasSerini-MCR........ccuiiiiiiiii e 108
5.2.10 RAFT-POIYMEIIZATION c.ccoeiirieeiee ettt e e e e e s rrre e e e e e e e e e nnrnneeees 111
5.2.11 PhOtOr@aCtioNS ....cccueiiiieiieiieesi ettt e 113
5.3 INSErUmMENtatioN. ..ot 118
5.3.1  Nuclear Magnetic Resonance (NMR) SPectroSCopy .....cccceeevveeeeecirveeeeeiveeeennnns 118
5.3.2  Electron Paramagnetic Resonance (EPR) Spectroscopy .......cccvveveeeeeerecnnrnnnenn. 118
5.3.3  Nuclear Overhauser Effect Spectroscopy (NOESY) .....c.eeeeeeiiieeeeiiieeeeccieeeeeas 119
5.3.4  Ultraviolet-Visible (UV/Vis) SPECrOSCOPY....uuiievurrierieeireeectreeeiteeeereeeeveeeenveees 119
5.3.5 Chemiluminescence (CL) MeasuremMentsS.......cccoevvrrvereiieiiiiiiireeerieee e eesnnvveeeen.s 119
5.3.6  FlUOIESCENCE SPECLIOSCOPY wurrrrrreeeeieiiirrrrerieeeeeieiiirrreeeeeeeeeeisernreereeeeeesessnrresees 120
5.3.7  Gas-Chromatography — Mass Spectrometry (GC-MS) ......ccccceeeeciieeeeeiiieeeenns 120
5.3.8  Size-Exclusion Chromatography (SEC).......uueiiivieiiiireeieiieiieicinreereee e eeenvneeen. 120

Vil



5.3.9  Dynamic Light SCattering (DLS) ....ccccuvieviieeeriieeciee ettt e e 121

LT YT o 1T oo 1 PP 123
6.1  Additional Figures of Chapter 3.1......ccuiie i 123
6.2  Additional Figures of Chapter 3.2 ... e 133
6.3 List Of ADDreviations ......cooviiiiiiiiie s 142
6.4 LiSt Of SCHEMES ..eeeiiiiiee e s e e s s atae e e e sareeee s 145
6.5 LISt Of FIBUIES c.neeiiieicieie ettt e e e s e e st e e e e s abae e e e snaeeaean 147

23] o [To == o1 1 V7 PSPPI 151

ACKNOWIEAZEMENTS ..eeiiiiiiie ettt et e e e s e e e e s ab e e e e ssabteeesesseeeeennsaeaaean 163






1 Introduction

Natural organisms such as plants, animals or the human body, inherit the possibility to sense,
report and eventually, heal any damages immediately in a visible manner. Plants, for example,
respond to a deficiency of water with a colour change and falling leaves, while marine
phytoplankton or glow-worms emit light in the visible range due to environmental changes or
as mating call; biological mechanisms in the human body visually indicate injuries by the red
colour of bleeding wounds or the colour change of bruises on the skin and autonomously start
the healing process. These properties of natural organisms have inspired scientists to create
fascinating smart, stimuli-responsive polymeric materials in order to fulfil the ever-growing
demands on our daily lives technologies. Depending on the initial synthesis strategy, the smart
material alters its properties in the presence of certain stimuli (such as mechanical forces,
magnetic fields, ultrasound, temperature, pH, solvation, light or chemicals).1

For example, the successful transfer from natural self-healing properties to synthetic materials
has been reported.®1° On the one hand, polymeric materials with either non-covalent (such
as hydrogen bonding, supramolecular complexes or ionomers) or covalent segments allowing
reversible (de-)bonding reactions (e.g. Diels Alder, thiol-ene, addition or condensation
reactions) have been developed.’’® On the other hand, containers (e.g. microcapsules or
microchannels) filled with a healing agent into polymeric materials were dispersed into
polymeric materials.'>72® Upon physical damage, the (non-)covalent bonds or the containers
break and the healing process takes place, either by inducing the reverse bonding reaction or
release of the healing agent form the containers. However, there are also drawbacks such as
complex monomer / polymer synthesis, necessity of close proximity for the functional groups,
the requirement of external triggers to induce the bonding reaction or the irreversible
breaking of the containers. Therefore, self-healing materials would highly benefit from the
ability to report the existence and exact location of damages immediately, particularly in a
visible way. The latter would not only allow to monitor damaged areas and their healing
process very carefully, but also to apply necessary external triggers in a fast and precise
manner to the damaged area to increase the life-time and safety of human-made materials.

Consequently, the class of stimuli-responsive materials was expanded by the development of
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self-reporting systems that visually indicate any changes or damages due changes in colour,

fluorescence or chemiluminescence, as illustrated in Scheme 1.1.3-420-22
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Scheme 1.1: Overview of stimuli (e.g. mechanical, thermal, pH, solvation, photochemical and chemical)
employed to switch on / off self-reporting properties of human-made materials, which are visualized by a change
in colour, fluorescence or chemiluminescence, respectively.*

Advantageously, various stimuli-responsive components are ideally suited for the design of
self-reporting materials such as dye-filled containers (microcapsules or fibres),?32¢ fluorescent
guest-molecules encapsulated by supramolecular host molecules (e.g. rotaxanes or
cucurbiturils)?”22 as well as diverse chromophores (e.g. mechanophores, fluorophores,

thermochromic substances or luminophores).?>38 Embedded into polymeric materials, these

2
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compounds alter their optical appearance due to broken interactions or structural changes
triggered by mechanical forces, temperature, pH, solvation, light or chemicals (refer to
Scheme 1.1). Depending on the applied stimuli-responsive functionality, the self-reporting
output can even be triggered by several stimuli simultaneously.?? 34! This is especially useful
for outdoor materials or materials exposed to harsh and changing environments (e.g. different
weather conditions throughout the seasons, heating / air conditioning or pollutions). Clearly,
such self-reporting materials hold great potential for the development of innovative, smart
stimuli-responsive materials with applications in e.g. nanotechnology, engineering, biology,
medicine or sensor technology.

Among the plethora of stimuli-responsive components with self-reporting properties,
chemiluminescence (CL) as a direct visual indication output offers advantages such as high
sensitivity and real-time monitoring without the need of an external light source or
complicated instrument setups.*>**> Unfortunately, the CL quantum vyields are rather low
compared to bioluminescent quantum yields and thus, (high) excess of additives such as
catalysts or enhancers is required.*¢4” Therefore, the first aim of the present doctoral thesis
was the development of a simplified, yet efficient self-reporting CL system (Chapter 3.1). In
order to simplify conventional CL systems, a polymeric system was designed that contained
all the necessary functionalities for a successful CL reaction output in the same backbone, as
illustrated in Scheme 1.2 (top). Luminol was chosen as the most prominent representative

luminophore,48-0

and, since it is well known that the luminol-CL requires additional bases or
catalysts,?® >12 the organic superbase 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) was selected
as second functionality. Additionally, supramolecular assemblies were formed in the presence
of randomly methylated B-cyclodextrin (Me-B-CD) to mimic the binding behaviour of
biological substrates.

However, light is not only a powerful tool to monitor ROS in a self-reporting manner, but is
also important as stimulus itself to trigger a self-reporting output. Indeed, light as trigger
offers the unique advantages of spatiotemporal controllability, short reaction times already
at ambient temperatures and an easy fine-tuning of the desired wavelength by carefully
choosing the photo-sensitive substrate.>>>” Additionally, protein-like structures can be
obtained by light-induced intramolecular folding of polymers with tethered photo-sensitive

moieties such as anthracene, pyrene-substituted oxime esters, benzophenone, nitroxides or

tetrazoles.®®®2 By incorporating photo-sensitive substrates responsive to different
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wavelengths, the folding of the polymer can be achieved in a light-controlled orthogonal
way.®3-%> While such a strategy is appealing, the synthetic approach towards such A-orthogonal
photo-sensitive polymers is challenging and often requires a multi-step synthesis. Accordingly,
the second aim of the present thesis is to simplify the synthesis of such polymers (Chapter
3.2). As photo-sensitive compound, the tetrazole-moiety has been chosen due to the facile
fine-tuning of the photo-responsiveness.®®®” Therefore, different light-responsive tetrazole-
monomers were synthesized using the Passerini multi-component reaction (MCR) and
subsequently polymerized via reversible-deactivation radical polymerization (RDRP) protocols
(refer to Scheme 1.2, bottom). Irradiation with either UV- or Vis-light in the presence of
suitable alkenes (e.g. maleimides) induced the folding process, which self-reports due to the

formation of the highly fluorescent pyrazoline-adduct.
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Scheme 1.2: Overview of the two self-reporting polymeric systems investigated in the current thesis: the
chemiluminescent luminol-based polymer responsive to chemicals (top) and the fluorescent tetrazole-based
polymer responsive to light (bottom).




2 Theoretical Background

To aid a better understanding of the topics discussed in the present PhD thesis, the underlying
theoretical principles are subsequently covered. First, the relevant synthesis and modification
techniques of polymeric materials are introduced (Chapter 2.1). Subsequently, the theory for
photochemistry (Chapter 2.2) and tetrazoles (Chapter 2.2.3) are described. Finally,
chemiluminescence (Chapter 2.3) and the applied organic compounds as handles for the CL
output (i.e. luminol (Chapter 2.4.1), organic superbases (Chapter 2.4.2) and host-guest

complexes (Chapter 2.4.3)) are addressed.

2.1 Polymers — Synthesis and Modification

Techniques

Although materials with high molecular weights have been known since the 19t century from
natural products such as cellulose, rubber, resins or proteins,®®7° the molecular nature of such
materials was not understood before the findings of Hermann Staudinger in 1920.7' His
research into the chemical and physical properties of “macromolecules” not only earned him
the Nobel prize in 1953,7? but also paved the way for the synthesis of diverse polymeric
materials.”37> Today, several polymerization strategies are available for the synthesis of
polymers with specific, tailor-made properties. These can be divided into two major
categories, namely the step-growth and the chain growth polymerizations with various

subclasses,”®77

as illustrated in Scheme 2.1. Characteristic for the different polymerization
techniques is the dispersity D as the ratio between the molar mass average (M) and the

number average (M,) (Equation 2.1).77-78

Equation 2.1: Dispersity D defined as ratio between the mass average Mw and the number average M.
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Scheme 2.1: Two main categories of polymerization strategies and their respective subclasses.

Perfectly defined polymers, in which all chains are of identical length have a ® value of 1.0 and
are almost exclusively found in natural polymers (e.g. peptides, DNA). In synthetic polymers,
the closest P values to 1 are obtained via anionic polymerization (P < 1.1), followed by
polymers synthesized via reversible-deactivation radical polymerization (RDRP) (D =1.1-1.4).
Higher values are usually obtained via free radical polymerizations (FRP) (P > 1.5).

However, research into designing perfectly defined synthetic polymers is of growing interest
to obtain polymeric materials with dispersity values analogue to natural polymers.”®%* One
approach therefore applies proteins as precursors for the synthesis of well-defined polymeric
materials.858 Another approach is based on the synthesis of (polydisperse) RDRP-polymers,
which are subsequently separated into well-defined fractions (P < 1.1) by flash column
chromatography.®" 8-°0 Furthermore, ring-opening metathesis polymerization,®>? single-

94-% jterative synthesis

chain nanoparticle formations,”®> multi-component reactions,
strategies®’ 28 or photochemical approaches®®19? were successfully applied for the formation
of well-defined polymers.

While a detailed comparison of all these techniques would be beyond the scope of the present
doctoral thesis, the focus in the following chapters lies on the two relevant techniques of the
second category, i.e. the FRP (Chapter 2.1.1) and the reversible addition-fragmentation chain

transfer (RAFT) polymerization (Chapter 2.1.2). Furthermore, the synthesis of highly functional

monomers via multi-component reactions (MCRs) will be described (Chapter 2.1.3).
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However, it is not always possible to introduce all desired functionalities directly during the
polymerization process due to solubility issues, undesired side reactions or instability at the
applied reaction conditions. Therefore, methods have been developed to introduce functional
moieties into polymeric materials without affecting the initial polymeric backbone by various

(orthogonal) post-polymerization modification (PPM) reactions (Chapter 2.1.4).

2.1.1 Free Radical Polymerization (FRP)

The free radical polymerization (FRP) is one of the most detailed investigated polymerization
techniques in industry and academia. This is attributed to the broad range of available
monomers and initiators. As depicted in Scheme 2.2, the mechanism involves four steps.03
104 |nitially, radicals are generated by the thermal or photochemical decomposition of the
initiator and the first monomer is added. The efficiency f of the initiation is thereby critical for

the success of the subsequent propagation step.03

PP AT/ hv
1. Initiation R
R + ( B — (\R
X X
. =
2. Propagation (\R + N ( —_ n R
X X X X
. R
3. Termination R4 mR recombination R A -
X X X X X X X X
-MR + 'MR disproportionation MR + MR
X X X X X X X X
4. Chain Transfer 'MR + Y-H —— MR + Y
X X X X

Scheme 2.2: The four steps of the FRP process, i.e. initiation, propagation, termination and chain transfer.

While f = 1 would be the optimum efficiency, the values of the subsequent propagation are
typically lower due to several side effects such as recombination (within or outside the solvent
cage), branching or crosslinking reactions. Thus, the values for f range from 0.3 (for less

efficient initiators) to 0.8 (for efficient initiators) depending on the solvent, temperature and



2 Theoretical Background

viscosity of the reaction mixture. Commonly applied initiators belong either to the class of azo
compounds (e.g. 2,2’-azobisisobutyronitrile (AIBN), 4,4’-azobis(4-cyanovaleric acid) (V-501))
or peroxide derivatives (e.g. benzyl peroxide (BPO), di-tert-butylperoxide (DTBP)).”” 103 Once
the initiation step has taken place, the chain is growing in the propagation step by adding
further monomers until the growing chains are terminated. The termination involves three

steps:103

1. translational diffusion (the propagating polymer chains need to converge);

2. segmental diffusion (the radical chain ends have to rearrange themselves to be in a
suitable distance for the third step);

3. chemical reaction (the radicals finally terminate either via disproportionation or

recombination reactions).

Obviously, the termination reaction is a highly diffusion-controlled process and thus, critically
depending on the polymer chain length and viscosity of the reaction mixture, respectively.
Moreover, the last step of the termination is reliant on the applied monomers due to steric
effects of the radical species and (facile) abstraction of B-hydrogens. For example, olefin
monomers with electron-withdrawing groups (such as methyl methacrylate) are mainly
terminating via disproportionation, whereas monomers such as styrene favourably undergo
recombination reactions.!® Thereby, the nature of the termination reaction has great
influence on the final polymer structure. While the recombination leads to the formation of
inactive polymer chains with typical dispersity values of B ~ 1.5, the disproportionation results
in saturated and unsaturated polymer chains. The latter can undergo further reactions, which
results in usually higher dispersity values of  ~ 2,10

Yet, the limiting factor for the maximum degree of polymerization DP; is the type of chain
transfer reaction, which can occur to all present species, i.e. monomer, polymer, solvent or
initiator. The respective calculations for the DP, can be carried out by means of the Mayo
equation (Equation 2.2).77-193 Certainly, chain transfer agents can be added on purpose to the
reaction mixture in order to influence the DPy, for instance to yield branched polymers or to

introduce further functional groups to the chain end-termini.

g g, B

Equation 2.2: Mayo equation with DP, = degree of polymerization, A = recombination / disproportionation ratio,
ki = termination rate coefficient, k, = propagation rate coefficient, Cu, a = transfer to monomer / agent constant.
8
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2.1.2 Reversible Addition Fragmentation Chain

Transfer (RAFT) Polymerization

To overcome the drawbacks of FRP such as lack of control over the molecular weight,
termination and chain transfer reactions as well as the resulting high  values, RDRP methods
have been developed.8 196109 These RDRP methods combine the benefits of the anionic
polymerization (e.g. low B values, well-defined functional polymer chains) with the
advantages of FRP (e.g. simple reaction procedures, various initiating possibilities, high
tolerance towards functional groups). Mainly, this is accomplished by establishing an
equilibrium between active radicals and dormant species with the equilibrium lying on the
side of the dormant species.!’® Thus, termination reactions are minimized and the
propagation possibility is equally distributed over all chains. The most important methods
emerged are the atom transfer radical polymerization (ATRP),}11113 the nitroxide-mediated
polymerization (NMP)141% and the reversible addition-fragmentation chain transfer
(RAFT)7119 polymerization. In contrast to ATRP and NMP however, the concentration of
active radical species in the RAFT polymerizations is not reduced but rather controlled by
special RAFT agents, e.g. dithioesters, dithiobenzoates, trithiocarbonates or xanthogenates

(refer to Scheme 2.3).117-118,120-121

S
- R S/ Z ~ s R z ~ - R
Z S S S S
dithioester dithiobenzoate trithiocarbonate xanthogenate

Scheme 2.3: Commonly applied RAFT agents, e.g. dithioester, dithiobenzoate, trithiocarbonates and
xanthogenates.

Thus, the RAFT polymerization proceeds rather fast and can be triggered by common initiators
such as AIBN or BPO. The mechanism is depicted in Scheme 2.4.77 117, 120-121 Gimj|ar to the
mechanism of the FRP, the first step is the dissociation of the initiator into radical species and

the addition of the first monomers. Then, a pre-equilibrium is generated between propagating
polymer chains P, and the macro-RAFT species, which in turn releases initiating fragments R'.

These fragments reinitiate chain growth reactions to form the polymer chains Pm'. In the main

equilibrium, a radical intermediate is formed between the macro-RAFT species and the
9
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polymer chains Pn" and Pm'. As is obvious from Scheme 2.4, the intermediate is symmetrical
and therefore allows the dissociation to both sides equally. This leads to proportionally

growing polymer chains with narrow mass distributions.

1. Initiation - M, M_ B
. Ss_S—R P,—S.._S—R P,—S.__S .
o Py, + Y E——— " Y _— " \lé + R
2. Pre-equilibrium 7 7 7
(w)
Reinitiation R M. v M M P

. o P.m .
3. Main equilibrium U Z z 7 U
M M

4. Termination P, + P, ——> P,—P,

Scheme 2.4: Mechanism of the RAFT polymerization including the initiation, the pre-equilibrium, reinitiation, the
main equilibrium and the termination.

Although the radical concentration is not lowered, the generation of termination products is
strongly reduced by the competing reversible chain transfer. Most important for a successful
RAFT polymerization is the choice of the RAFT agent.”” 120121 The RAFT agents possess a R-
and Z-group, which need to be individually chosen for the desired monomer to be
polymerized. While the R group is essential for the fragmentation reaction in the pre-
equilibrium, it also has to reinitiate chain growth reactions again. On the other hand, the Z-
group needs to ensure that the formation of the radical intermediate is favoured and yet allow
the release of the polymer chains to enable chain propagation. As orientation for suitable R-
and Z-groups, charts as shown in Scheme 2.5 are available for several monomers.11 121

While the right choice of the R- and Z-groups might still be challenging, the RAFT
polymerization offers several advantages such as the synthesis of linear, block, comb or star
polymers, short reaction times, mild conditions and a broader range of applicable monomers

than ATRP or NMP.

10
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Scheme 2.5: Charts of R- and Z-groups to support the choice of suitable RAFT agent depending on the respective
monomer.

2.1.3 Passerini Multi-Component Reaction

(P-MCR)

Multi-component reactions (MCRs) have proven to be a powerful tool for the synthesis of
highly functionalized molecules in a one-pot reaction setup providing atom economy, mild
conditions, facile reaction protocols accompanied by high reaction yields.12>126 Consequently,
such MCRs are widely applied for the synthesis of natural products, drug molecules, organic
or polymeric (macro)molecules. Well-known representatives are the Biginelli,*?” Hantzsch,?®
Strecker,'?® Mannich,'®® Kabachnik-Fields,'3! metal-catalysed (e.g. Cu, Pd),*3%133 Ugi3* or
Passerini*>> MCRs (refer to Scheme 2.6). As the examples clearly show, the MCR products
incorporate most atoms of the starting materials. Additionally, the products can be either
linear or cyclic with various heteroatoms (e.g. N, O, S, P), depending on the applied MCR.

Among the different MCRs, the Ugi and the Passerini MCRs belong to a noteworthy subclass
based on isocyanides (red structure in the Ugi reaction in Scheme 2.6). 136137 |socyanides
combine both nucleophilic and electrophilic properties due to the two mesomeric resonance
structures depicted in Scheme 2.7.13%13% The carbon atom in the left resonance structure in
Scheme 2.7 has a carbene-like configuration and thus undergoes electrophilic reactions. While
carbenes are known to prefer a bent geometry, high-level quantum calculations support a
linear structure.'®® On the other hand, the second resonance structure (right structure in
Scheme 2.7) has a zwitterionic character with a formal positive charge on the nitrogen and a

formal negative charge on the triply bonded carbon atom.

11
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Scheme 2.6: Representatives of important MCRs: the Biginelli, Kabachnik Fields, Cu(l)-cat. and Ugi MCR.

This zwitterionic character is responsible for the nucleophilic properties of the isocyanides,
since a nucleophilic attack leads to a conversion of the carbon into an electrophilic species and
facilitates subsequent a-addition at the same position. Additionally, the zwitterionic character
as well as the a-acidity can be easily influenced by suitable substituents at the a-position of
the isocyanide. Due to the special reactivity behaviour with tuneable properties, the
isocyanides are indispensable for the synthesis of highly functional heterocyclic

compounds.t41-143

Scheme 2.7: Mesomeric resonance structures of isocyanides.

Of particular interest for the present thesis is the Passerini MCR (P-MCR), which was the first
isocyanide-based MCR reported by Passeriniin 1921.144 As pictured in Scheme 2.8, the P-MCR
involves an isocyanide (red), a carboxylic acid (green) and an aldehyde (blue, rarely also a
ketone) and is usually conducted highly concentrated in aprotic solvents at ambient

temperature.*®

12
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Scheme 2.8: Suggested mechanisms for the P-MCR by Baker and Ugi (A) and Morokuma and coworkers (B).

While extensive research has been conducted ever since its discovery, the exact mechanism
has not yet been fully verified. Until recently, the mechanism depicted in Scheme 2.8A was
considered as one of the most presumable ones. This mechanism was suggested by Baker
(1951) and Ugi (1961) based on kinetic studies.'#¢-147 First, the carboxylic acid and the aldehyde
form a six-membered transition state, which subsequently reacts with the isocyanide in an a-
addition to yield an imidate species. The imidate undergoes an irreversible Mumm
rearrangement and the final a-acyloxyamide is obtained. Interestingly, the Mumm
rearrangements leads to the formation of a stereocenter, which allows control over the
stereochemistry by applying chiral starting materials. Recently, further mechanical details
were obtained by means of high level density functional theory (DFT) calculations and the

13
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mechanism illustrated in Scheme 2.8B was suggested.!* The first step is thereby similar to the
former one, however two carboxylic acid molecules are involved instead of only one. Addition
of the isocyanide in the a-position leads to the formation of the nitrilium species, which was
theoretically proven to be stable in solution by the DFT calculations. Cleavage of one of the
carboxylic acids yields the imidate species. Apparently, the second carboxylic acid acts as
organo-catalyst and decreases the barrier for the subsequent Mumm rearrangement yielding
the P-MCR product.

Besides the broad variety of organic hetero-atom containing molecules accessible via the P-
MCR, also the successful synthesis of diverse polymers was achieved.*81° This can be realized
by substituting two of the three components by dual functional ones (Scheme 2.9). Thus, three
different types of polymers are obtained: amide substituted polyesters (Scheme 2.9A),
alternating poly(ester amide)s (Scheme 2.9B) or polyamides with ester side chains (Scheme
2.9C).1*% Showing similar tolerance towards a broad variety of functional groups as the P-MCR,
highly functionalized polymers were obtained via the Passerini-MCP ranging from poly(ester
amide)s,*®! poly(caprolactone)s,’>? hydrogels,>3 H,0,-1>* or reduction-1>° sensitive polymers

to photo-sensitive polymers.1>®

R3 R3
! |
0) NH O NH

amide substituted polyester

B
R, R, O O
o o o) H H
* * on e —’MN\R/N o)J\R)J\oa/
HO™ “R; TOH R,” "H 3 ! "
o) o]
alternating poly(ester-amide)
c j\ o)
i 0O © o o~ TRy OJ\R1
+ + ~Rs _ > H H
CN” °NC
N. _N
Ry~ “OH H” >Ry “H 4)\{( RS Rel
o] o]

polyamide with ester side chain

Scheme 2.9: P-MCP for the synthesis of amide substituted polyesters (A), alternating poly(ester amide)s (B) and
polyamides with ester side chains (C).
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Therefore, both the P-MCR and the P-MCP promise to be a powerful tool for the synthesis of

tetrazole-containing substrates, which laid in the synthesis scope of the present work.

2.1.4 Post-Polymerization Modification (PPM)

Despite the advantages of the aforementioned RDRP or MCR methods for the synthesis of
tailor-made polymers, it is not always possible to introduce all targeted functionalities directly
into the polymer backbone during the polymerization process. Reasons therefore may be
different solubility properties, stability issues at the required polymerization conditions or
interference of the functional moieties with e.g. the initiator or RAFT agent or other present
functionalities. Fortunately, these drawbacks can be overcome by post-polymerization
modification (PPM) reactions.'®”1>° These PPMs are typically based on organic reactions such
as thiol-ene'®® or thiol-para-fluoro click reactions,'®® N-bromosuccinimide (NBS) initiated
electrophilic MCRs,'%? copper(l)-cat. alkyne-azide cycloadditions (CUAAC)'®3 or Diels Alder

cycloaddition,®* as shown in Scheme 2.10.
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R F R F
thiol-p-fluoro click
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R
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Scheme 2.10: Examples for PPM reactions: Diels-Alder cycloaddition, nucleophilic substitutions, electrophilic
MCRs, CuAAC, thiol-p-fluoro click reaction, thiol-ene reaction and active esters.

Furthermore, the chemistry of active esters has gained much attention for the synthesis of
well-defined multi-functional polymers by PPMs.16>167 This approach allows the modification
of ester moieties in the polymer backbone with diverse amine derivatives under mild

conditions. Beneficially, different active ester moieties can be simultaneously polymerized
15
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(e.g. via FRP or RAFT) and subsequently post-modified in a selective manner. For example,
active ester monomers with a pentafluorophenyl acrylate (PFP-A, green structure in Scheme
2.11) and a pentafluorophenyl methacrylate (PFP-MA, blue structure in Scheme 2.11) unit not
only allowed the synthesis of homopolymers, but also of copolymers for the orthogonal
modification with various functionalities. This is attributed to the differential reaction
behaviour of the acrylate and the methacrylate functionality.'¢®

Additionally, the successful PPM can be easily observed via °F NMR analysis due to the change
in the fluorine resonances before and after the PPM. These advantages have herein been
taken as inspiration for the synthesis of a polymeric self-reporting system based on

chemiluminescence with all required functionalities combined in a single polymeric backbone.

0”0 0”0 0o 0”0 ‘NH2
. 0
F F + F F —— E r F F O™ NH
FiF F F . FF:i:F ‘ .
: F

Scheme 2.11: Copolymer of PFP-A (green) and PFP-MA (green) enabling subsequent PPM with different amine
derivatives (red / orange).
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2.2 Photochemistry

2.2.1 Basic Principles

Photochemistry typically involves light with a wavelength A between 200 and 1000 nm.®°

Depending on A, the light is divided into three main classes (and the respective subclasses)

according to its frequency v [Hz] and energy E [k) mol], as listed in Table 2.1,169-170

Table 2.1: Classes and subclasses of light suitable for photochemical reactions and the respective wavelengths A,
frequencies v and energies E.

class subclass A[nm] v [Hz x 1014 E [kJ mol!]
NIR 780 -1000 3.0-3.8 120-150
red 620-780 3.8-4.8 150-190

orange 585 -620 48-5.1 190 - 205

. yellow 575 —585 5.1-5.2 205 - 208
e green 490 - 575 5.2-6.1 208 — 244
blue 420-490 6.1-7.1 244 — 285

violet 380-420 7.1-7.9 285 -315

A 315-380 7.9-95 315-380

uv B 280-315 9.5-10.7 380—-427
C 200 -280 10.7-15.0 427 —598

Hereby, A is inversely proportional to v (Equation 2.3A), while the latter is proportionally

connected to E via the Planck’s constant h (6.63 x 1034 J s) (Equation 2.3B).16°

v= % (2.3.2) E=hv (23.)b)

Equation 2.3A and B: Correlations between the frequency v, the wavelength A and the energy E (c = speed of
light in vacuum =2.998 x 108 m s, h = Planck’s constant = 6.63 x 103%J s).

Upon light-irradiation of a molecule with a specific energy E (see Table 2.1and Equation 2.3),

the molecule is promoted from the electronic ground state into electronically excited states.
17
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Since the electronic excitation proceeds faster than molecular vibration processes (1071° s vs.
10%2 ), the position of the nuclei is basically unchanged. Therefore, the maximum overlap of
vibrational states and the possibility for electronic transitions before and after excitation is
obtained vertically when plotting the energy vs nuclear coordinates, also known as the Franck-

Condon principle (refer to Figure 2.1A).169-171
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Figure 2.1A: Franck — Condon Principle. B: Jablonski diagram displaying the ground state So and electronically
excited states (Si, S2, T1i) and their respective vibrational states. The photophysical processes for radiative
(straight arrows) and non-irradiative (dashed arrows) are illustrated.

The first process required for photochemical reactions is absorption (blue arrow in Figure
2.1A). Important for the absorption is the Beer-Lambert’s law (Equation 2.4).17! At a given
concentration ¢ and the optical path length d, the initial light intensity /o decreases when
passing through the sample to the transmitted intensity / depending on the molar extinction

coefficient &y. The higher €, the better are the light-absorbing properties of the sample.

Iy
A= loglo? =¢g,cd

Equation 2.4: Beer-Lambert’s law with A = absorbance, lo and I = incident and transmitted light intensities, &y =
molar extinction coefficient, ¢ = concentration of the sample and d = optical path length.

From the excited states, there exist several pathways for the molecule to return to the ground
state, either by chemical deactivation reactions or by photophysical processes. The

photophysical processes are illustrated in a simplified Jablonski diagram in Figure 2.1B.17%173
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In the diagram, the electronic levels (bold lines) and the respective vibrational states (thin
lines) of the ground state So and the excited states S1, S, and T are displayed.
On the one hand, molecules can release the absorbed energy (So = S, blue arrows) via non-
irradiative pathways:6%173
e Vibrational relaxation (wavy arrows) within an excited state to the respective ground
state accompanied by the release of heat
e Internal conversion (IC) (dashed arrows) from an excited state into a lower electronic
state of the same spin multiplicity (e.g. S2 = S1)
e Intersystem crossing (ISC) (dashed arrow), when the relaxation from an excited state
proceeds between states of different spin multiplicities (e.g. S1 =2 T1)

On the other hand, the energy release take place via radiative pathways:

e Fluorescence (S1 =2 So, orange arrows)

e Phosphorescence (T1 =2 So, green arrows)

The latter however is a spin-restricted process only possible after ISC and occurs with a
delayed emission. Furthermore, non-irradiative, competing deactivation processes with other

molecules can occur (e.g. bimolecular collision, energy transfer).

2.2.2 Photochemical Reactions

The first synthetic photochemical reaction was reported in 1834 by Trommsdorff, who
observed a colour-change of the colourless Santonin into yellow compounds upon exposure
to UV-light as illustrated in Scheme 2.12.174-176

Since then, extensive research has been conducted in the field of photochemical reactions due
to the unique advantage of spatial and temporal control of such reactions.>® 177-178 The photo-

reaction takes place precisely at the irradiated area and only as long as the irradiation is turned

hv
—_—
solid

ot

santonin
colorless

yellow

yellow

Scheme 2.12: The first reported photochemical reaction of Santonin by Trommsdorff in 1834.
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on. Thus, photochemical reactions have become a powerful synthetic tool in biology, physics
and synthetic chemistry.}’918 An overview of possible photochemical reaction is given in
Scheme 2.13. For example, aldehydes or ketones can undergo a Norrish type | or Il
photoreactions,*®1"182 whereas the [2+2] cycloaddition’? is ideally suited for the synthesis of
(hetero-) cyclobutanes (Paterno-Biichi reaction).’®3 Other molecules such as anthracene,8

cinnamic acid,'® styryl-pyrene!8®

and the respective derivatives undergo dimerization
reactions upon exposure to light. Additionally, photo-sensitive protecting groups have
emerged to enable orthogonal organic synthesis strategies with simple deprotection

procedures.®

e consit - B\
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Scheme 2.13: Examples of photochemical reactions and photo-sensitive compounds.

However, photochemistry is not only restricted to organic synthesis but can also be adapted
for polymer synthesis by means of photosensitive initiators such as AIBN, DBPO or
acylgermanes.®> 18 Moreover, the thiol-ene reaction is ideally suited for radical-mediated
polymerization reactions or network formations by applying multi-functional thiols and ene-
derivatives as illustrated in Scheme 2.14A-B.178 18-1%0 Additionally, polymers such as
poly(butadiene) were successfully post-modified via the thiol-ene reaction.’®* Noteworthy,
also competing intramolecular cyclization reactions can accompany the latter process to
deliver unusual macromolecular topologies, as demonstrated in Scheme 2.14C.'%° Related
thiol-based photoreactions relevant for polymer functionalization are the thiol-yne (Scheme

2.14D)19%1%4 and the thiol-Michael reaction (Scheme 2.14E).1%>-1%7
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Scheme 2.14: Commonly applied multi-functional thiols (A) and enes (B) in the thiol-ene-polymerization.
Reaction pathways of the thiol-ene PPM of poly(butadiene) with the competing intramolecular cyclization (C),
the thiol-yne polymer ligation (D) and the thiol-Michael polymer ligation (E).

Besides, the aforementioned photochemical dimerization reactions have been thrivingly used
for the (reversible) ligation of polymers,18-29 the formation of networks,?°! the synthesis of
hydrogels??? or nanoparticles?®® as well as patterning of surfaces.’®® 2% In a similar manner,
the light-induced (hetero) Diels-Alder reaction has proven to be a powerful tool in polymer
science. As depicted in Scheme 2.15A, a phenacyl sulfide at a polymer chain end releases
acetophenone upon irradiation with UV-light (A = 355 nm), which results in the formation of a
highly reactive thioaldehyde.?9>2% This thioaldehydes subsequently reacts with a suitable
diene via the hetero Diels-Alder cycloaddition. Importantly, the thioaldehydes cannot only

react with dienes, but also with e.g. amines, hydroxylamines or thiols,2’

making thioaldehydes
a useful ligation method in polymer chemistry. On the other hand, ortho-methyl benzaldehyde
(o-MBA) and its derivatives have been successfully applied in the photo-induced Diels-Alder
reaction, as shown in Scheme 2.15B. Upon exposure to light, ortho-quino dimethanes
(“photoenols”) are formed that can undergo the Diels-Alder reaction in the presence of e.g.

maleimides, fumarates or acrylates. Both the o-MBA and the alkene derivative can be
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2 Theoretical Background

positioned at polymer chain ends, which makes this o-MBA based Diels-Alder reaction an

efficient polymer ligation technique.!’® 205 208-215

Scheme 2.15: Light-induced (hetero) Diels Alder reactions based on thiolaldehydes (A) and o-methoxy
benzaldehyde (B).

Another important class of photoreactions are the 1,3-dipolar cycloadditions.?'%21° Here, a
heterocyclic 1,3-dipole (such as diazoalkane, azide, ozone or nitrile-imine) reacts with e.g. an
alkene to form a five-membered heterocyclic product. Of special interest in the field of
polymer chemistry is the photo-induced copper(l)-catalysed azide alkyne cycloaddition
(CuAAC), displayed in Scheme 2.16.178 220 During the reaction, an azide 1,3-diple is generated,
which reacts with an alkyne to yield the five-membered cyclic 1,2,3-triazole, catalysed by Cu(l).
This reaction offers several advantages such as short reaction times, regioselectivity, tolerance
towards various functional groups as well as compatibility with several solvents for the
reaction process.?? Consequently, the reaction has become an efficient photochemical

approach for polymer synthesis and modification as well as surface functionalization.?21-22>

hv R‘N
RN+ =R — I/\>7R'
N:N

Scheme 2.16: General reaction pathway of the CUAAC yielding the five-membered cyclic 1,2,3-triazole.

One other prominent example of 1,3-dipolyar cycloadditions for photochemical-based
polymer reactions involves the generation of a nitrile-imine dipole, which can react with a
broad variety of functional groups. Since this reaction is also relevant for the tetrazole-

chemistry, it will be further discussed in the following Chapter 2.2.3.
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2.2 Photochemistry

2.2.3 Tetrazoles

In 1885, Baldin discovered the formation of a five-membered heterocyclic compound by the
reaction of dicyanophenylhydrazine with nitrous acid and termed it “tetrazole”.??® Since then,
tetrazoles have become valuable chemical motifs in various fields such as medicine,
pharmacology, photography, rocket propellants or (bio-)chemistry. This is attributed to their
stability despite the high amount of nitrogen atoms (e.g. penatzoles are highly unstable and
explosive compounds), their bioisosterism to carboxylic acids or amides along other
physicochemical properties.??®

One of such physicochemical properties is the photochemical behaviour of tetrazoles. Upon
irradiation with light, the tetrazoles is promoted to an electronically excited state, which

undergoes ISC and a highly reactive nitrile imine is obtained after the release of nitrogen (refer

to Scheme 2.17).227-228

\(/ N v, R\(/ N-RI BV IR—=N=N -— N I
N=N N=Ns* N \ ©

nitrile imine
Scheme 2.17: Photochemical reaction of a 2,5-disubstituted tetrazole, yielding a highly reactive nitrile imine.

This nitrile imine is a highly reactive 1,3-dipol and can subsequently react with a broad variety
of functional groups (e.g. water, acetonitrile, thiols, amines, acids, heterocycles or aryl boronic
acid derivatives),?2%23¢ as depicted in Scheme 2.18.

Of special interest for the present work is the nitrile-imine mediated tetrazole-ene
cycloaddition (NITEC). Herein, the nitrile-imine reacts with an ene and a five-membered
pyrazoline adduct is obtained.?3-23% This pyrazoline is highly fluorescent and hence, the
conversion and product formation can be monitored in a self-reporting manner via colour and
fluorescence changes. Beneficially, the photo-responsiveness of the tetrazoles can be easily
fine-tuned by suitable substituents at the N-position (refer to Scheme 2.19). While the 2,5-
diphenyltetrazole or 2-methoxyphenyl-5p-phenyl tetrazole react under irradiation within
invasive harsh UV light (e.g. 290 nm and 320 nm, respectively),®” 24 push-pull substituents
lead to a red-shift (bathochromic shift) of the photo-responsiveness.?*-?42 For example,

dimethylaniline as substituent allows photoreactions at milder UV-light, namely 365 nm.?*!
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Scheme 2.18: Overview of possible reactions of the nitrile imine intermediate.

By means of substituents with larger delocalized n-systems, e.g. pyrene, the photoreaction
can even be triggered in the visible light range (410 nm).?*® This is important especially for
biochemical or biomedical applications to avoid tissue damage by the harsh irradiation
conditions.

Due to all these properties, tetrazoles have also been recognized as powerful tools in the field
of polymer chemistry. The incorporation of tetrazole moieties into polymeric materials not
only allows PPMs with the reactions displayed in Scheme 2.18 in order to obtain highly
functionalized polymers,?33 244-248 byt also the intramolecular chain folding in the presence of
suitable linkers via the NITEC reaction.® 249250 Sych 3D-folded polymers have great potential
as protein-mimicking materials and thus, they find applications in e.g. drug delivery, contrast
agents, sensors, hanoreactors or catalysis.®® 2>1-253 Unfortunately, the synthesis for tetrazole-
containing polymers is challenging and requires several steps and / or complex monomer
synthesis strategies.

Therefore, the aim of the present work was to find a facile, efficient synthesis strategy for
tetrazole-containing polymers. Taking inspiration of the adjustable photo-responsiveness of
the tetrazoles, two tetrazole-functionalities responsive to different wavelengths are supposed
to be incorporated into the same polymeric backbone. In this way, the folding (or PPM) of the

polymer can be conducted in a light-controlled, self-reporting manner.
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2.2 Photochemistry
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Scheme 2.19: Tetrazoles with different photochemical properties due to the respective substituents at the N-
position of the tetrazole.
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2.3 Chemiluminescence

The emission of light evoked by a chemical reaction is termed chemiluminescence (CL).?>* Such

a reaction generates electronically excited states, which emit light upon relaxing back into the

ground state. To successfully produce CL however, the reaction has to fulfil specific criteria:*®

255

1.

In order to provide the required energy for the electronically excited states, the
reaction needs to be exothermic. According to the free energy AG (refer to
Equation 2.5), 40-70 kcal mol* are necessary for CL occurring in the visible light
range (400-750 nm).

_AG > )}Ll_c _ 28 600

ex Aex

Equation 2.5: calculation formula for the free energy AG required for the CL reaction (h: Planck
constant, c: speed of light, Aex: wavelength)

Once the chemical reaction affords the necessary energy, the electronically excited
state needs to be favoured. If the energy is radiated e.g. via heat, no light will be
emitted during the reaction.

Finally, the relaxation into the ground state needs to be achieved via photon
emission and not via other deactivation processes such as dissociation,

isomerization or inter-/ intramolecular energy transfer.

Conceding that criteria 1-3 are fulfilled, there are two pathways of the CL emission to take

place: either direct or indirect,?* as illustrated in Scheme 2.20.

Luminophore P+ hv

direct CL
+

Trigger —> excited species P*

. \
indirect CL

(coreactants / catalyst) energy transfer to fluorophore F*

|

F+hv

Scheme 2.20: direct and indirect CL emission pathways.
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2.3 Chemiluminescence

If the excited species P* in the CL reaction is the light emitting species itself, the process is
termed direct CL (e.g. 1,2-dioxetanes, luminol, acridinium esters). However, the excited
species P* can also transfer the energy to a fluorophore molecule F* that emits light instead
of P* when returning to the ground state. In this case, the process is termed indirect CL (e.g.
the CL of peroxyoxalates (PO)). For both the direct and indirect CL process, the efficiency of
the CL, i.e. the amount of photons emitted per reacting molecule, is defined as the CL quantum

yield @c, represented in Equation 2.6.46 256

P, = P X Ppg X O

Equation 2.6: CL quantum yield @c. (Dr: chemical reaction yield, @es: yield in the excited state, Or: fluorescence
quantum yield).

Typically, @ is rather low (< 1%) due to either a low reaction yield (®r) or a low emission of
the emitting species (®¢).2>> %*7 Fortunately, the light emission can be enhanced by suitable
substitution of the luminophore, addition of a catalysts or a more effective fluorophore as
energy transfer acceptor, or by the choice of solvent. The CL emission of POs for example
highly depends on the applied fluorophore.?®82>° Oxidation of a PO (e.g. bis(2,4,6-
trichlorophenyl)oxalate (TCPO)) by active species (e.g. peroxides or microorganisms) leads to
a decomposition into an unstable, energy-rich dioxetanone, which further decomposes into
CO,, as displayed in Scheme 2.21A. No CL emission takes place unless the energy of the
dioxetanone is transferred onto an additional fluorophore, e.g. 9,10-diphenylanthracence
(DPA) via a chemical-induced electron-exchange luminescence (CIEEL) process. So, by carefully
choosing the fluorophore, the intensity as well as the emission wavelength of the CL reaction
can be adjusted from the UV/Vis to the NIR spectral range. Dioxetane formation and its
decomposition into CO; also plays a critical role in the CL reaction mechanism of acridinium
esters.30 260-261 |n contrast to the POs however, no additional fluorophore is required.
Acridinium esters are oxidized to dioxetanones by e.g. peroxides and CO; is released, leading
to the highly emissive acridone-species as illustrated in Scheme 2.21B. Hereby, the kinetics
and the efficiency of the light emission depend on the pK; value of the leaving group R.
Substituents that increase the pK, value and donate electrons (e.g. methyl, methoxy) show a
slower reaction and longer CL signal than substituents decreasing the pK, value and

withdrawing electrons (e.g. halogens, CN).
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Scheme 2.21: CL reaction mechanism of A: POs (i.e. TCPO) in the presence of DPA as fluorophore, B:
acridinium esters and C: Schaap’s dioxetane.

Similarly, the choice of the substituents influences the CL emission of 1,2-dioxetanes. The
research upon efficient 1,2-dioxetane derivatives is based on Schaap’s dioxetane, which
consists of a dioxetane enclosed by both an adamantly and phenyl moiety. Additionally, a
protecting group (PG) is attached to the phenyl unit, as shown in Scheme 2.21C.3% 46, 262

Cleavage of the PG destabilizes the dioxetane and triggers the CIEEL process, in which the
dioxetane decomposes into 2-adamantone and a benzoate ester in the excited state. The
latter returns to the ground state accompanied by the emission of light. Depending on the PG,
the CL process can be started by thermal, chemical or mechanical stimuli. Moreover, the CL
emission of 1,2-dioxetanes was highly enhanced by introducing additional electron-
withdrawing groups at the ortho-position of the phenol ring or by forming supramolecular
complexes in the presence of cyclodextrin.?>* 263-266 Thegse versatile possibilities to tune the CL
emission of dioxetanes by introducing suitable substituents onto the luminophore were taken
as inspiration for the present thesis to improve the CL emission of the most applied

luminophore in forensic science, namely luminol (Chapter 2.4.1).
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2.4 Organic Compounds as Handles for Self-

Reporting CL-Materials

2.4.1 Luminol

Since the discovery of luminol and its chemiluminescent properties by Albrecht in 1928,
people have been fascinated by its striking blue light, especially due to the application as blood
detector in forensic sciences. This is attributed to the catalytic effect of the iron containing
hemin in the blood.?®”2¢8 By means of such catalysts (e.g. metal ions, enzymes or
nanoparticles)?®®2’! the @c. of luminol can be raised to ~ 4% in aqueous alkaline media. In
aprotic media (such as DMSO or DMF) @c. can even be raised to ~ 9% in the presence of a
strong base (e.g. NaOH, KOH).*¢%*’ The mechanism of the chemiluminescence reaction is

shown in Scheme 2.22.46

NH, O NH, O NH, O NH, O
NH basic I\IF oxidant l}l N
NH solvent NH (cat.) N~ N
O O (0] O
luminol luminol luminol aminodiaza-
anion radical anion quinone
NH; O NH, 0 | NH; O NH, O
S o —— Y N
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N _
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3-am|nophthal|c exited species endoper_omde hydrope_romde
acid species species

Scheme 2.22: CL reaction pathway of luminol in basic solution triggered by an oxidant.

In basic solution, the luminol is present in its deprotonated state as luminol anion. Oxidation
by ROS (such as H.0;, NO, ROO' or ClOy’) leads to the formation of the radical anion, which
further reacts to the hydroperoxide species either directly or via the aminodiazaquinone.
Subsequently, the endoperoxide species is generated, from which nitrogen is released and the

excited 3-aminophthalic acid (3-APA) is obtained. Finally, the excited 3-APA returns to the
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2 Theoretical Background

ground state accompanied by the emission of light (A = 430 nm). This mechanism needs to be
considered if the CL properties are meant to be enhanced by altering the luminol structure.

Since the heterocyclic ring is crucial for the CL (refer to Scheme 2.22), its modification results
in a loss of the CL. Modification of the aromatic ring on the other hand, for example by
expanding the aromatic system or by introducing electron-donating functionalities, can
increase the light emission.?>” 272 Beneficially, modification of the aromatic ring also enabled
the synthesis of luminol-containing polymeric systems with CL properties either via
electropolymerization?’327 (refer to Scheme 2.23A) or chemical polymerization?’’-272 (see

Scheme 2.23B).
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Scheme 2.23: Examples of luminol-polymers obtained via electropolymerization (A) and chemical polymerization
(B).

Nevertheless, these systems still require the presence of additives such as bases and the
aforementioned catalysts. Unfortunately, they suffer from certain drawbacks such as high
costs, toxicity or air sensitivity of metal catalysts, limited stability and lifetime of enzymes,
dependence on particle size and distribution of nanoparticles or harsh conditions (e.g. up to
1000 eq. of base).28%-281 Therefore, the development of a new, easy-to-handle and efficient
luminol-CL system is targeted in the present thesis to overcome these drawbacks by means of

the organic superbases.
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2.4 Organic Compounds as Handles for Self-Reporting CL-Materials

2.4.2 Organic Superbases

Superbases are by definition compounds with high basicity properties similar to lithium
diisopropylamide (LDA, pKa = 36 in THF) or other comparable ionic metal-containing bases.?8*
284 However, also non-ionic compounds such as phosphazenes, amidines or guanidines with
pKa values higher than the one of the proton sponge 1,8-bis(dimethylamino)naphthalene
(DMAN, pKs = 16.8 in THF) as displayed in Scheme 2.24 are referred to as

organosuperbases.?83-284

AN ,
PSS S \R by by
N R;N-P-NR
©) 2 | 2
L@ OO NR, H,N” R H,N” NHR

LDA DMAN phosphazenes amidines guanidines

Scheme 2.24: Chemical structures of the superbases LDA, the proton sponge DMAN and the basic structures of
phosphazenes, amidines and guanidines.

These superbases find widespread applications as ionic liquids, peptide mimetics or catalysts
in organic chemistry (e.g. in polycondensations, Michael or Wittig reactions, ring-opening
polymerizations)?®>2%3 due to their good solubility in organic media, high stability at low
temperatures and ambient conditions.294-2%6

Among them, guanidines are of special interest for biochemical applications. Guanidine
functionalities (orange coloured units in Scheme 2.25A) are found in several natural
compounds (e.g. guanine, arginine, agmatine or creatine),?*-2%® which play crucial roles in
biological enzymatic reactions. Furthermore, synthetic guanidines with bio-mimicking
properties were developed for applications in pharmaceutical drugs (e.g. Rosuvastidin for the
treatment of cardiovascular issues, Imanitib as anticancer drug or Cimetidine for peptic ulcer
treatment), sweeteners, disinfectants, insecticides or catalysts.3%

In a similar manner, guanidine derivatives such as 1,1,3,3-tetramethylguanidine (TMG) or its
cyclic counterpart, i.e. 1,5,7-triaza-bicyclo[4.4.0] dec-5-ene (TBD) (refer to Scheme 2.25A), are
also of particular interest in organic chemistry?8% 301308 dye to the resonance stability of the

conjugated acid depicted in Scheme 2.25B.%%¢ Beneficially, guanidines do not only serve as

catalyst in polymerization reactions, but can also be implemented directly into polymers.
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Scheme 2.25A: Example of guanidine derivatives: arginine, cimetidine, TMG and TBD. B: Resonance stability of
the conjugated guanidinium ion. C: Structures of synthesized guanidine-polymers. D: Structure of polystyrene-
supported TBD.

Indeed, the synthesis of several peptide- mimicking polymers was reported (Scheme
2.25C).30%312 Fyrthermore, TBD was incorporated into polystyrene (refer to Scheme 2.25D),
which resulted in a polymer-supported catalytic resin that is stable at ambient conditions, easy
to handle and simple to recover by filtration. Besides the application as mediator in organic
reactions such as alkylations, esterifications or dehalogenations, this resin was also able to
catalyse several reactions (e.g. Henry, aldol-) condensations, Michael addition or
regioselective synthesis of lysophospholipids at ambient temperature under very mild
conditions,313-316

All these beneficial synthetic properties (such as high basicity and catalytic activity) along the
possibility of incorporating these structures into polymeric backbones inspired the

investigation of such guanidine-compounds in the context of the chemiluminescent reaction

of luminol.
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2.4.3 Host-Guest Chemistry

The formation of host-guest inclusion complexes as part of supramolecular chemistry has
emerged as effective tool for the design of dynamic soft matter materials with stimuli-
responsive (e.g. bioactive, self-assembling, self-healing or self-reporting) properties.317-320
Therefore, host molecules such as rotaxanes, cucurbit[n]urils, calix[n]arenes, pillar[n]enes or
cyclodextrins (CDs) (refer to Scheme 2.26) have been used to encapsulated suitable guest

molecules.321-330

-7 ch)\ TUsCemelll el e
rotaxanes cucurblt[n]urll calix[n]arene pillar[n]ene cyclodextrin

Scheme 2.26: Host molecules for supramolecular complex formations: rotaxanes, cucurbit[n]urils, calix[n]arenes,
pillar[n]arenes and cyclodextrins.

Among the broad plethora of host molecules, CDs are of special interest in the food, cosmetic
or pharmaceutical industry due to their non-toxicity, biocompatibility and large-scale
production.33133> The production of CDs is mainly based on starch, which is degraded by the
enzyme cyclomaltodextrin glucanotransferase into CDs with different amounts of a-1,4-linked
glycosyl units. With six units, a-CD is the smallest one with an inner diameter of 4.7-5.3 A,
followed by the seven-membered B-CD (inner diameter = 6.0-6.5 A) and the eight-membered
y —CD (inner diameter = 7.5-8.3 A).33¢ The structure of the CDs can be described as a truncated
cone with a hydrophilic shell due to the secondary CH,OH-groups and a hydrophobic core due
to the carbon backbone of the glycosyl units.33” Thus, apolar guest molecules (e.g. adamantly,
ferrocene, bipyridine-complexes or lipophilic drug molecules) can be encapsulated by CDs in
aqueous media.33> 338 Such complex formations are based on non-covalent interactions such
as electrostatic or charge-transfer interactions, hydrogen bonding, Van der Waals forces or
thermodynamic energy increase due to the release of solvent molecules from the CDs.
Generally, these inclusion processes are reversible and can be characterized by the stability

constant Km:n of m guest molecules and n CD molecules, as shown in Equation 2.7.336-3%7

33



2 Theoretical Background

[Guesty;,,CDy]

m(Guest) + n(CD) 2 Guest,CD, Kinin = [Guest]™x[cD]™

Equation 2.7: reversible process of the host-guest inclusion and the respective stability constant Km:n depending
on the molar concentrations of the guest molecule and the CD

The higher the value of Km:n, the more stable is the formed supramolecular complex. This can
be exploited for the encapsulation of guest molecules with different Km., values as illustrated
in Scheme 2.27. For example, an encapsulated guest molecule with a lower Km:n value can be
replaced by a guest molecule with a higher Km:, value.

Importantly, the stability and sensitivity of the complexes can be readily altered by suitable
chemical modifications of the CDs (e.g. amination, etherification, esterification or alkylation),
variation of the solvent or guest molecules.33> Moreover, the reversible (de-)complexation can
be influenced by tuning temperature, pH, light or redox properties.33°342 Besides the
aforementioned guest molecules that were encapsulated by CDs, also the successful complex-
formation between CDs and guanidines has been reported.343-3% Additionally, CD-derivatives
have been found to enhance the CL emission of luminol.3*> Therefore, CD was chosen as host

molecule to enable the supramolecular complex formation of the targeted luminol-guanidine-

system.

C— C—

Guest A Guest B

: _— >
cyclodextrin + Guest A

Scheme 2.27: lllustration of the supramolecular host-guest complex formation between cyclodextrin and guest
A, which can be replaced by guest B having a higher Km:n value.

34



3 Results and Discussion

The aim of the current doctoral thesis is the development of polymeric, self-reporting systems.
Therefore, two different approaches have been chosen, based on either photochemical or
chemiluminescent (CL) processes. For the CL system, luminol was chosen as the light-emitting
species. Ideally, the luminol along all required functionalities for the CL reaction are
incorporated into the same polymeric backbone. The synthetic approaches and the respective
results are discussed in Chapter 3.1. On the other hand, the second self-reporting approach is
based on the photo-sensitive tetrazole functionality. The synthesis for the tetrazole-bearing
polymers and their photochemical properties are addressed in Chapter 3.2. To enable a better
understanding of the results, only the most relevant analytical data are presented, additional
figures, the detailed synthesis along information about applied materials and instruments can

be found in Chapter 5 and in the appendix (Chapter 6).

3.1 A Luminol-Based Self-Reporting System

The research into the polymeric luminol-based system is based on previous studies performed
in our group.346-347 Herein, luminol was successfully incorporated into the same polymeric
backbone as the non-cyclic (2-aminoethyl)guanidine by orthogonal, active-ester based PPMs,

as illustrated in Scheme 3.1.
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Scheme 3.1: Initial synthesis strategy for the polymer with both luminol and (2-aminoehtyl)guanidine
functionalities.

However, no CL emission was obtained when an oxidant (e.g. H,02) was added to the polymer
dissolved in DMSO, unless an additional base (e.g. TBD) was present in the reaction mixture.

At this point, the investigations of the present doctoral thesis have been initiated.
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3 Results and Discussion

Parts of chapter 3.1 and the respective experimental parts are adopted from publications

written by the author.347-348

3.1.1 Contest of Organic Superbases

Although the (2-aminoethyl)guanidine-functionality was apparently not able to facilitate the
CL emission of luminol in a sufficient manner, the successful CL emission in the presence of
additional TBD as a base clearly suggested the potential of organic superbases as mediator for
the self-reporting output. Therefore, in the first step a small molecule model study with
different bases has been conducted to determine the best-suited organic superbase for the
luminol-CL and the underlying mechanism.3*® The applied bases belong to four different
categories: a non-cyclic (TMG, pKa (THF) = 15.6))3*° and a cyclic (TBD, pKa (THF) = 21.0))3%°
guanidine derivative, an amidine (1,8-diazabicyclo[5.4.0]Jundec-7-ene, DBU, pKi; (THF) =
16.9))3** and an inorganic base (KOH, already known in the context of the luminol-CL), as

illustrated in Scheme 3.2.
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Scheme 3.2: Overview of investigated bases regarding the luminol-CL reaction in DMSO triggered by H20,.

As mentioned in chapter 2.4.1, the highest @c. of luminol are obtained in aprotic media in the
presence of a strong base, thus DMSO was chosen as the solvent.

First, luminol (c = 7.5x 102 mol L) and different equivalents of TBD (0.5, 1.0, 5.0, 10.0 and
20.0 eq.) were dissolved in DMSO and subsequently, 0.1 mL H,0; (1 mol L'!) were added to
trigger the CL reaction. While no CL emission was observed by the naked eye in the presence
of 0.5 or 1.0 eq. TBD, a strong CL emission was clearly visible at 2 5.0 eq. TBD. This behaviour

was further investigated by UV/Vis and CL emission measurements (refer to Figure 3.1).
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3.1 A Luminol-Based Self-Reporting System

Indeed, the absorption has changed drastically between 1.0 (blue line in Figure 3.1A) and 5.0
eq. (red linein Figure 3.1A) TBD. The decreasing absorption bands at 295 nm and 357 nm along
the increasing new bands at 329 nm and 370 nm for 5.0, 10.0 and 20.0 eq. TBD suggested the
formation of the luminol mono-anion species (refer to Scheme 2.22) only in the presence of >
5.0 eq. Thus, only in the presence of sufficient amount of TBD the CL emission is observed by

the naked eye as well as in the CL emission measurement depicted in Figure 3.1B.
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Figure 3.1A: UV/Vis spectra of luminol (c = 7.5 x 10 mol L) in DMSO with different concentrations of TBD (¢(0.5
eg.)=3.75x 10" mol L'}, ¢(1.0 eq.) = 7.5 x 10° mol L%, ¢(5.0 eq.) = 37.5 x 10> mol L%, ¢(10.0 eq.) = 75.0 x 107 mol
L%, ¢(20.0 eq.) = 150.0 x 10 mol L?). B: CL emission of luminol (c=7.5%102 mol L) in DMSO with different
concentrations of TBD (¢(0.5 eq.)=3.75x102 mol L%, ¢(1.0 eq.)=7.5x10"2 mol L%, ¢(5.0 eq.)=37.5x102 mol L%, ¢(10.0
eq.)=75x102 mol L}, ¢(20.0 eq.)=150x102 mol L'!) at ambient temperature, triggered by H20,.

Having established the required amount of superbase to enable the CL reaction of luminol (i.e.
5.0 eq., since no significant change in the absorption and CL emission was observed between
5.0 eq. and = 10.0 eq. TBD), the other bases (TMG, DBU and KOH) were tested under similar
conditions. Evidently, luminol in the presence of KOH shows a similar absorbance behaviour
as in the presence of TBD, contrary to the absorbance in the presence of TMG and DBU (Figure
3.2A). This behaviour is also reflected in the CL emission (Figure 3.2B). While no CL emission
is observed in the presence of TMG and only a rather low emission is obtained in the presence
of DBU, a clear CL emission is measured in the presence of KOH. Interestingly, the CL emission
for the luminol-TBD system is up to five times higher than the CL emission of luminol-KOH
system (green line in Figure 3.2B) and about two times higher than for the CuSQOs-catalysed
luminol-KOH system (orange line in Figure 3.2B). The different CL emission behaviour between
the luminol-TBD system and the systems with either KOH or DBU can be explained by the

outstanding basic and catalytic properties of the guanidine-superbases (refer to Chapter
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Figure 3.2A: UV/Vis spectra of luminol-CL-systems in DMSO (c(lum)=7.5x10"° mol L%, ¢(base)=37.5x10" mol L})
at ambient temperature (without the addition of H202). B: CL emission of luminol-base systems in DMSO
(c(luminol)=7.5x10"2 mol L%, c¢(base)=37.5x10"2 mol L%, ¢(CuS04)=4.5x102 mol L) at ambient temperature,
triggered by 0.1 mL H.0; (1 mol L),

2.4.2). It is of critical importance to mention that both TBD and TMG belong to the class of
guanidines, suggesting a high impact of the bicyclic structure of the TBD compared to the non-
cyclic structure of the TMG. Indeed, it has been reported that non-cyclic guanidine
functionalities are transformed to the respective urea derivatives in the presence of oxidants

(e.g. H203), as depicted in Scheme 3.3.

NH o) i
H202 : (\N/j (\N/j
R‘NJ\N’R - R\NJ\N’R ! N)\\N % N)*o
R R R R + H H

Scheme 3.3: Oxidation reaction of a non-cyclic guanidine (left) and TBD (right) triggered by H>0..

Consequently, the basic and catalytic properties of the oxidized species differ from the initial
guanidine compound and are no longer able to initiate the aimed CL reaction of luminol. On
the other hand, TBD remains intact, i.e. it is not transformed into its corresponding urea
derivative due to the steric hindrance of the bicyclic structure.

Thus, TBD sustains its properties as efficient base and catalyst for the successful CL reaction
of luminol. Accordingly, TBD was chosen for the mechanistic investigations of the superbase-
mediated luminol-CL reaction as well as for the design of a polymers with self-reporting CL

properties.
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3.1 A Luminol-Based Self-Reporting System

3.1.2 Mechanism of the TBD-Mediated Luminol-CL

The manifestation of TBD as efficient mediator for the CL-reaction of luminol has raised the

guestion for the underlying mechanism. Since typically ROS such as the hydroxyl radical *OH,

the superoxide anion radical 02* or singlet oxygen 103 are involved in the luminol-CL, spin
trap experiments with various radical scavengers were conducted. Indeed, the CL emission of
the luminol-TBD system is clearly inhibited in the presence of radical scavengers (e.g. L-
ascorbic acid (AA), NaNs, superoxide dismutase (SOD) or thiourea (TU), refer to Figure 3.3A),

indicating the participation of ROS in the TBD-mediated luminol-CL.
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Figure 3.3A: CL emission of the luminol-TBD-system (c(luminol)=7.5x102 mol L, ¢(TBD)=37.5x10"2 mol L?) in
DMSO in the presence of radical scavengers (c=2.5x10"2 mol L) at ambient temperature, triggered by H.0,. B:
EPR spectra of TMPD (grey line) and the luminol-TBD-system in the presence of TMPD after addition of H202. C:
EPR spectra of DMPO (grey line) and the luminol-TBD-system with DMPO after the addition of H,0: (black line).
The signals can be assigned to different DMPO-radical-products: DMPO-CHs (black dot), DMPO-OH (red square)
and DMPO-OOH (blue rhomb). D: *H NMR (400 MHz) spectra of luminol, TBD, luminol-TBD and luminol-TBD +
H202 in DMSO-ds.

To enable a distinctive identification of the involved ROS, electron-paramagnetic resonance

(EPR) spectroscopic analysis was carried out. On the one hand, no signal is obtained for a
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3 Results and Discussion

reaction mixture containing luminol, TBD, H,0; and 2,2,6,6-tetramethyl-4-piperidone (TMPD)
as scavenger for 10,, suggesting that no 10, is generated during the CL reaction (Figure 3.3B).
On the other hand, clear EPR signals are obtained for the same mixture with 5,5,-dimethyl-1-

pyrroline N-oxide (DMPO) as scavenger (Figure 3.3C).

The signals can be clearly assigned to *OH (red square) and O2*~ (blue rhomb) as well as to the
methyl radical *CHs (black dot). Thus, the following mechanism is postulated (Scheme 3.4): In

the first step, dissolution of luminol and TBD in DMSO leads to the formation of the luminol

mono-anion and TBDH*. Subsequently, TBDH* triggers the dissociation of H,0; into "OH and

*OH. Since TBD is regenerated during this reaction, the catalytic behavior of the superbase is

revealed. Furthermore, O,*" is formed by the reaction of DMSO with “OH and oxygen present
in the non-anhydrous solvent. In this step, the *CHs radicals are generated detected in the EPR
spectrum (Figure 3.3C), which instantaneously react with oxygen to the dimethyl peroxide in
the absence of a radical scavenger. Eventually, the generated ROS trigger the CL mechanism
of luminol as already explained in chapter 2.4.1 (refer also to Scheme 2.22 and Scheme 3.4C)

accompanied by the emission of a striking blue-green light.
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Scheme 3.4: Proposed mechanism of the TBD-mediated luminol-CL.

Additional NMR spectroscopy and GC-MS analysis supported the proposed mechanism. In the
'H NMR spectrum (Figure 3.3D) of luminol and TBD, the resonances of the protons c and g are
no longer detected and the resonances of the luminol-protons f and h are shifted to f’ and h’,
assuming the (de-)protonation of luminol and TBD in DMSO (Scheme 3.4A). The formation of
the oxidized luminol after H,O, addition is assessed by the arising resonances i, k, | and m
between 7.3 and 6.7 ppm, along the assigned resonances in the 3C NMR spectrum (Figure
6.1) and the GC-MS analysis (Figure 6.2). While the theoretically reappearing resonance c of

TBD overlaps with the resonances of H,0,, the unaltered resonances a and b in the H and the
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3.1 A Luminol-Based Self-Reporting System

consistent resonances 8 and 9 in the 13C NMR spectra (Figure 6.1) before and after the addition
of H20; are in accordance with the implied catalytic properties of the TBD.

Based on the outstanding performance of TBD in the CL reaction of luminol without the need
of any additional additives under mild conditions (i.e. ambient temperature, low-toxic solvent
(DMSO0), reduced amount of base (5.0 eq. instead of 20-1000 eq. as it is reported for other
luminol-systems),?8%-281 the synthesis of a luminol-TBD-bearing polymer was subsequently

envisaged.

3.1.3 Synthesis of the Luminol-TBD-Polymer

Taking inspiration from the aforementioned luminol-(2-aminoethyl)guanidine-polymer
obtained via active-ester based PPM (refer to Scheme 3.1), a similar synthesis strategy was
considered for the luminol-TBD-polymer LTP1, as depicted in Scheme 3.5.

First, an active-ester copolymer (AEC1) of MMA, PFP-A and PFP-MA was synthesized via FRP
with a ratio of MMA / PFP-A / PFP-MA 1 : 1 : 5 to ensure the 5.0 eq. of superbase in regards
of luminol. NMR analysis (*H and *°F, Figure 6.3) confirmed the successful synthesis of AEC1
with an apparent number average molecular weight (M) of 6 500 g mol™* and a dispersity of
D = 1.49 (Figure 6.4A). Subsequently, the PFP-A moieties were post-modified with luminol in
a solvent mixture of 1,4-dioxane and DMSO at 50°C. SEC analysis of the obtained luminol-
polymer LP1 revealed a slightly increased molecular weight of M, = 7 400 g mol* without any
side reactions, as it was indicated with a substantially similar dispersity value (P = 1.54, Figure
6.4A). Furthermore, the substitution of the PFP-A moieties by luminol was validated via *H and
F NMR analysis (Figure 6.3), in which all resonances can be assigned to the respective
functionalities of LP1. Finally, the TBD-moiety was meant to be introduced to LP1 by PPM of
the PFP-MA units to yield LTP1. Similar conditions as for the PPM of AEC1 with luminol were
applied.

However, a highly viscous jelly-like material was obtained, which was not soluble in any
organic solvent /solvent combinations or aqueous media. Thus, no analysis or subsequent
applications of the material were feasible. Possible reasons for the gelation could be undesired

side reactions or cross-linking processes of LP1 in the presence of TBD.
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Scheme 3.5: Synthesis strategy for the luminol-TBD-polymer LTP1 via FRP of MMA, PFP-A and PFP-MA and

subsequent PPM reactions with luminol and TBD.

To overcome these problems, TBD-derivatives with an aliphatic spacer were targeted to

reduce the steric hindrance of the functionalities in the polymer backbone and increase the

solubility of the material. Therefore, TBD-derivatives with three different spacers of variable

aliphatic chain lengths were synthesized (TBD1-3), as illustrated in Scheme 3.6A.
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Scheme 3.6A: Structure of the TBD-derivatives TBD1, TBD2 and TBD3. B: Synthesis strategy for TBD1-3.
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3.1 A Luminol-Based Self-Reporting System

350 and has been modified

The synthetic procedure was adopted from the literature
accordingly to obtain the desired TBD-derivatives by nucleophilic substitution reaction of TBD
with a halogen-alkylalcohol (refer to Scheme 3.6B). Despite the several attempts
(experimental sections 5.2.1) with varying ratios of the starting materials, different solvents
(THF, EtOH) and reaction times, the desired products could not be isolated or purified (e.g. by
washing, recrystallization, distillation, column chromatography) in a satisfying manner with
sufficient yields for the subsequent PPM of the luminol-polymer. Detailed analysis via *H and
13C NMR spectroscopy (Figure 6.5-Figure 6.7) has revealed the following: there are either no
resonances detectable of the products or still resonances of the starting materials next to
undesired side products.

Consequently, it was aimed to incorporate spacer chains into the polymer backbone that allow
subsequent PPM with TBD. Since it has been reported that PFP-A and PFP-MA can also be
post-modified with alcohols, LP1 was post-modified with 11-bromo-1-undecanol (LP1’)
followed by the PPM with TBD (LTP1’), as shown in Scheme 3.7. However, there are only very
low resonances of the luminol protons present after the PPM with 11-bromo-1-undecanol

(LP1’, Figure 6.8A) and minor resonances left in the 1°F NMR spectrum (Figure 6.8B).
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Scheme 3.7: Synthesis procedure for the luminol-TBD-polymers LTP1’ and LTP2.

Due to solubility issues, no analysis of the TBD-modified polymer LTP1’ was possible.
Simultaneously, a copolymer of MMA and PFP-A (AEC2) was synthesized, of which only 16.6
mol% were post-modified with luminol (LP2) to ensure a ratio of 1 : 5 after complete
conversion of the PFP-A units by 3-chloro-1-propanol (LP2’) or rather TBD (LTP2). Although
NMR analysis indicated the successful synthesis of LTP2 (no resonances present anymore in
the °F NMR spectrum of LTP2 (Figure 6.10) and new arising resonances in the 'H NMR
spectrum of TBD (n, o, p, Figure 6.9), SEC analysis in DMAc (Figure 6.4B) revealed a decreased

M, after complete PPM of LP2, indicating degradation accompanied with other undesired side
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3 Results and Discussion

reactions. Furthermore, test reactions of the self-reporting properties of LTP2 triggered by
H20: did not result in visible or measurable CL emission.

Anew, it was essential to design an alternative synthetic strategy which facilitates the
successful synthesis of the targeted luminol-TBD-polymer. Inspired by the synthesis approach
previously reported for polystyrene-supported TBD resins, TBD was successfully incorporated
into a polymeric material via PPM of 4-vinylbenzyl chloride (VBC). Hence, a copolymer of

MMA, PFP-A and VBC was synthesized analogue to AEC1 with a ratio of 20 : 1 : 5 (AEC3,

Scheme 3.8).
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Scheme 3.8: New concept for the synthesis of the luminol-TBD-polymer LTP3.

The high amount of MMA (20.0 eq.) was essential to prevent undesired crosslinking reactions,
and to increase the solubility of the subsequent post-modified polymer with luminol and TBD
(LTP3, Scheme 3.8). While the PFP-A moiety was post-modified with luminol as described for
the synthesis of LP1 (Scheme 3.5), the Cl-moiety was substituted by TBD, as aforementioned,

in a similar manner to the synthesis reported for the PS-supported TBD resin.3>° Beneficially,
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3.1 A Luminol-Based Self-Reporting System

NMR analysis of LTP3 (Figure 3.4) confirmed the successful incorporation of both functional
moieties (i.e. luminol and TBD). The resonances in the *H NMR spectrum can be assigned to
the respective luminol- (e-i) and TBD- protons (most importantly n and r), whereas no
resonances are detected in the °F NMR spectrum anymore due to the complete
functionalization. However, LTP3 is not soluble in suitable solvents for SEC analysis (e.g. THF

or DMAC), thus no determination of M, was possible.
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Figure 3.4: 'H NMR (400 MHz) and *°F NMR (377 MHz) spectrum of LTP3 in DMSO-ds at ambient temperature.

3.1.4 Supramolecular Assembly

After the successful synthesis of LTP3, the supramolecular assembly behaviour of the polymer
was investigated. Therefore, LTP3 and randomly methylated B-cyclodextrin (Me-B-CD) were
dissolved in DMSO in order to form the host-guest complex C1 (refer to Scheme 3.9).

A first indication of the successful supramolecular assembly was obtained from 'H NMR
analysis (Figure 3.5A) due to the broadening of the luminol-resonances i and h in addition to

the resonances o, p and g arising from the aliphatic cyclic skeletal of TBD.
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Scheme 3.9: Supramolecular assembly of LTP3 in the presence of Me-B-CD yielding the host-guest complex C1.

Additional 2D NMR analysis, i.e. nuclear Overhauser effect spectroscopy (NOESY), confirmed
the complexation, as illustrated in Figure 3.5B. Besides the expected NOEs at 8.5 ppm (orange
circles) arising from the dipolar interactions between the Me-B-CD and TBD, cross-resonances
at 7.5 ppm (red circles) and 4.5 ppm (grey circles) are detected, which can be assigned to

interactions between Me-B-CD and luminol (red circles) or MMA (grey circles), respectively.
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Figure 3.5A: 'H NMR (400 MHz) spectra of LTP3 and C1 in DMSO-ds at ambient temperature. B: NOESY spectrum
of C1 in DMSO-ds at 300K.

Another complementary characterization technique for supramolecular assemblies is the
dynamic light scattering (DLS) analysis. If the assembly is successful, one specific distribution
with a diameter value between the ones of the single components prior to the complexation
should be measured. Indeed, exactly this behaviour is observed for C1 as depicted in Figure

3.6, clearly demonstrating the supramolecular assembly properties of LTP3.
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Figure 3.6: DLS traces of Me-B-CD, LTP3 and C1 in DMF at 20°C with a concentration of ¢ = 1 mg mL?, respectively.

3.1.5 Self-Reporting Chemiluminescent Output

Finally, the CL-properties of C1 were investigated. To trigger the CL reaction, H,0O, was added

to the dissolved C1 in DMSO to yield the oxidized complex C2 (Scheme 3.10).

Scheme 3.10: Oxidation of C1 by the addition of H203, yielding the supramolecular complex C2.

As can be seen in the UV/Vis spectra in Figure 3.7A, the initial bands at 360 and 300 nm have
decreased, while the band at 260 nm increased as a result of the formation of the oxidized
luminol. The oxidation also has a strong influence on the supramolecular assembly. While
there is no NOE detected anymore between Me-B-CD and TBD (refer to Figure 3.7B), a cross-
resonance at 10.5 ppm (grey box) between Me-B- CD and H,0; or the polymer backbone is

observed along a cross-resonance in the aromatic region (blue box). The NOE in the aromatic
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region possibly arises from dipolar interactions between Me-B-CD and the oxidized luminol
due to an apparently higher stability constant Km:., (see chapter 2.4.3) compared to the one
between Me-B-CD and TBD. Indeed, the altered supramolecular assembly behaviour of the
oxidized polymer is also supported by DLS analysis (Figure 3.7C). The diameter of the oxidized
complex C2 shows only a 7% difference to the diameter of the initial luminol-TBD-polymer
LTB3 and a 47% larger diameter than C1, thus supporting the NOESY results.

Most importantly, a strong CL emission is observed for C1 (Figure 3.7D) upon the addition of
H20;. In comparison to the CL of the non-encapsulated LTP3, a (~ 140 times) higher CL for C1
is obtained, revealing the enhancing properties of Me-B-CD regarding the luminol-CL.

Beneficially, the intense CL emission was even observable by the naked eye.
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Figure 3.7A UV/Vis-spectra of LTP3 and C1 (¢ = 3.25 x 10" mmol mL™) before and after addition of H,02 (1 mol
L™Y). All spectra were recorded in DMSO at ambient temperature. B: NOESY spectrum of C2 in DMSO-ds at 300K.
C: DLS traces of Me-B-CD, LTP3, C1 and C2 in DMF at 20°C (c = 1 mg mL?, respectively). D: CL emission of LTP3
and C1 (c = 3.25 x 10 mmol mL™) in DMSO at ambient temperature, triggered by 0.1 mL H202 (1 mol L™).
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3.1 A Luminol-Based Self-Reporting System

Evidently, the luminol-TBD-polymer facilitates not only the formation of supramolecular
(dis)assembly, but also displays CL properties combined in one polymeric material, which may
allow in vivo applications for the detection of ROS without the need of additives or external
triggers in a self-reporting manner. Additionally, the present work can be taken as inspiration
for the design of artificial, smart materials with the ability to self-report damages or structural

changes in polymeric materials.
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Tetrazole and its Derivatives

In the recent years, 2,5-diphenyl tetrazole and its derivatives have been deeply investigated
in our group due to the versatile reactions of the photochemical inducible nitrile-imine dipole
(refer to Chapter 2.2.3). Depending on the substituents of the tetrazole, this nitrile-imine
dipole can be generated in a A-orthogonal manner and, most importantly, react with a suitable
ene-functionality to yield a highly fluorescent pyrazoline-adduct. Hence, the system becomes
self-reporting by allowing the monitoring of the reaction progress and detection of the
product via analysis of the changing fluorescent behaviour.

While diverse tetrazole-containing polymeric materials have been successfully synthesized,
the tetrazole moiety was generally introduced either as pendant or polymer chain end-group
into pre-synthesized polymers via PPM reactions®® 3>1-352 or multiple chain extension steps®!
rather than being directly polymerized. Therefore, the second project of the current thesis
focused on the investigation of synthetic protocols suitable for a direct polymerization of
tetrazole and its derivatives in order to deliver self-reporting polymeric materials based on the
photochemistry of tetrazoles. Ideally, such protocols should allow the simultaneous
polymerization of two tetrazole-monomers with different photochemical properties (e.g. UV-
or Vis-responsiveness) to enable further PPM reactions in a A-orthogonal procedure.
Inspiration was taken from the aforementioned Passerini-MCR (refer to Chapter 2.1.3) and
especially its feasible application for polymer synthesis (Scheme 2.9) due to the tolerance to
a broad variety of functional units.

The results discussed in the following Chapters are part of a publication in preparation.

3.2.1 Synthesis of Tetrazole-Polymers via the P-

MCP

For the direct polymerization of tetrazole derivatives, the P-MCP was applied owing to the
generation of synthetic enzyme-mimicking units, thus paving the way for the synthesis of man-
made polymeric materials resembling natural enzyme derivatives. As stated before, the P-

MCP requires two bi-functional monomers and one mono-functional monomer, the latter
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3.2 A Self-Reporting System based on Tetrazole and its Derivatives

being incorporated as pendant side chain (Chapter 2.1.3). Consequently, the tetrazole moiety
was selected as mono-functional aldehyde-moiety in order to maintain the possibility for
subsequent photo-induced PPM reactions without affecting the polymer backbone. Since
successful P-MCP reactions were reported with 1,6-diisocyanohexane (DICH) and 3,3’-
dithiodipropionic acid (DTDPA), 1°¢ 353354 they were chosen as the bi-functional monomers.
Beneficially, the disulfide-bond of the acid compound provides an additional functionality for
possible degradation reactions, thus the applied components allow for the synthesis of a
highly-functionalized polymer (TP1) with two newly formed peptide-analogue bonds per

repeating unit in a one-pot reaction, as illustrated in Scheme 3.11.
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Scheme 3.11: Synthesis strategy for TP1 via the P-MCP employing DICH, DTDPA and T1.

In a first reaction setup (Scheme 3.11), the monomers were dissolved in DCM as aprotic
solvent'* with a ratio of T1 / DTDPA / DICH 2.2 : 1.0 : 1.0. However, SEC analysis of the
obtained polymer TP1 revealed no polymer formation after a reaction time of 7 days at 40°C
(Figure 6.11), which may be attributed to the low solubility of T1 in DCM at high concentrations
(c =1 M regarding one of the bi-functional monomers) required for the P-MCP. Therefore, a
tetrazole-monomer T2 has been synthesized with an aliphatic spacer moiety to increase the
solubility of the monomer. The latter was achieved by an esterification of the tetrazole
carboxylic acid derivative (M1) with 1,3-propandiol and subsequent oxidation of the obtained

alcohol species (M2) to the desired aldehyde T2, as demonstrated in Scheme 3.12.
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Scheme 3.12: Synthesis for the tetrazole-monomer T2 via esterification and Dess-Martin periodinane (DMP)-
oxidation.

The successful synthesis of both M2 and T2 was confirmed by H and *3C NMR spectroscopy,
in which all the resonances are assigned to the respective compounds M2 and T2 (Figure 6.12).
Unfortunately, similar solubility issues were observed during the P-MCP as for T1, and
consequently , no polymer formation was observed for TP2 (Scheme 3.13A) according to SEC

analysis (Figure 6.13A).
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Scheme 3.13: Structures of the tetrazole-polymer TP2 (A), the dicarboxylic acids (B) applied for the P-MCP of T2
to yield the tetrazole-polymers TP3 — TP5 (C).
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3.2 A Self-Reporting System based on Tetrazole and its Derivatives

Several attempts have been made by varying reaction conditions (e.g. different solvents (DCM,
CHCls, THF, toluene, o-chlorobenzene, polarclean, DMSO and mixtures thereof), reaction
times (1-11 days), conventional heating or microwave), nevertheless, the results of the SEC
analysis obtained for each performed screening experiment suggested the formation of only
dimer or trimer (Figure 6.13B-D). In order to reveal whether the problem arises from the
hindered structure of the tetrazole-monomer or conceivably the dicarboxylic acid, the P-MCP
of T2 has been repeated with three different dicarboxylic acids, namely heptanedioic acid
(HDA), dodecanedioic acid (DDDA) and V-501, respectively (Scheme 3.13B). Since the latter is
a well-known azo-initiator and generally not implemented as monomer, the stability of V-501
was tested under the applied P-MCP reaction conditions to ensure that no undesired side-
reactions are triggered. Therefore, V-501 was dissolved in THF, stirred at 45°C for 3 days and
subsequently analysed via NMR spectroscopy. Indeed, *H and 3C NMR analysis (Figure 6.14)
of V-501 before and after the heating process revealed no decomposition once exposed to
high temperatures (e.g. 45 °C), thus indicating the suitability of the compound for the P-MCP.
Yet again, SEC analysis (Figure 6.15) did not show any polymer formation for TP3 — TP5
(Scheme 3.13C). Apparently, the problem cannot be resolved by employing different
dicarboxylic acid, thus suggesting that the tetrazole-monomers T1 and T2 are not appropriate
compounds for the P-MCP. To verify this hypothesis, an additional attempt has been made
with DICH and V-501 under similar reaction conditions as for TP1 with the aromatic azo-
aldehyde A1 as comparable aldehyde-derivative to the tetrazole-aldehyde derivatives (T1, T2)
(Scheme 3.14).
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Scheme 3.14: P-MCP of DICH, V-501 and A1, yielding the azo-polymer AP1.
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3 Results and Discussion

Interestingly, the targeted azo-polymer AP1 was obtained with a M, = 13 500 g mol* (b =
1.26), as evident from the SEC analysis (Figure 6.16) and *H NMR spectroscopy (Figure 6.17).
Clearly, the P-MCP is suitable for the synthesis of multi-functional polymers under the applied
reaction conditions, however the electronic character of the tetrazole-monomers T1 and T2
implies to hinder the reactivity during the P-MCP.

Consequently, the strategy has been modified from the P-MCP to the P-MCR in order to obtain

tetrazole-monomers that can be polymerized under subsequent polymerization reactions.

3.2.2 Synthesis of Tetrazole-Monomers via P-MCR

Although the P-MCP was not suitable for the polymerization of T1 or T2, it is postulated that
the P-MCR might be a useful method for the synthesis of tetrazole-monomers with a
functionality that allows subsequent polymerization reactions. Inspiration has been taken
from the work of Roth and colleagues, who applied the P-MCR to deliver PFP-derived
(meth)acrylic MCR-monomers suitable for subsequent RAFT homo- and co-polymerization
reactions.3>> Accordingly, methacrylic acid (MAA) was applied in the P-MCR as the carboxylic
acid component to enable subsequent RAFT polymerization of the metharylic moiety. Similar
to the P-MCP, a tetrazole-derivative (T3) was selected as the aldehyde component, while 1-
pentyl isocyanide (PIC) was chosen as an aliphatic isonitrile to avoid unnecessary
functionalities in the P-MCR. The P-MCR of MAA, T3 and PIC for the synthesis of T4 is displayed
in Scheme 3.15. After a reaction time of 40 h at 45°C, 'H NMR analysis (Figure 3.8, top)
revealed the successful formation of T4, whereas there were still resonances of the starting
materials detectable with considerably low reaction yield (~ 30 %).

Therefore, the reaction was repeated under similar conditions in the microwave due to the
recently reported advantages of e.g. shorter reaction times, increased reaction rates and
yields.3°6-3%8 |Indeed, the microwave-induced reaction yielded T4 with a higher yield (~ 65 %)
at shorter reaction times (18 h). As evident form the NMR analysis (Figure 3.8, bottom and
Figure 6.18), all resonances can be assigned to T4. The resonances of the methacrylic protons
(i.e.aat 1.99 ppm and b at 6.2-5.7 ppm) did not shift compared to MAA, indicating no reaction
during the P-MCR. Furthermore, the resonance of the newly formed CH-bond at the chiral
centrein T4 (cat 5.6 ppm) is clearly detectable. Additionally, UV/Vis spectroscopy (Figure 6.19)

revealed no change in the absorbance of the tetrazole-moiety after the P-MCR.
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T3

Scheme 3.15: P-MCR of PIC, MAA and T3 to yield the tetrazole-monomer T4.

Motivated by these positive results, the P-MCR with PIC and MAA has been repeated with a

tetrazole-monomer showing a different photochemical behaviour than T3. While the

photoreaction of T3 (and thus of T4) can be triggered in the UV-range (Aexc. = 320 nm, refer to

Scheme 2.19), substitution of the tetrazole-moiety with a pyrene-chromophore allows the

photoreaction to take place in the Vis-range (Aexc. = 410 nm, refer to Scheme 2.19).
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Figure 3.8: 'H NMR (400 MHz) spectra of T4 in CDCls for the reaction on a conventional heating plate (top) and
under microwave conditions (bottom).
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Scheme 3.16: P-MCR of PIC, MAA and the pyrene-aryl-tetrazole derivative T5 to yield the tetrazole monomer T6.

Therefore, the pyrene-aryl-tetrazole (PAT) derivative T5 was applied together with PIC and
MAA in the P-MCR to yield the Vis-sensitive tetrazole-monomer T6 with a polymerizable

methacrylic functionality, as depicted in Scheme 3.16.
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Figure 3.9: 'H NMR (400 MHz) spectra and 3C NMR (100 MHz) spectra of T6 in CDCls, respectively.
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3.2 A Self-Reporting System based on Tetrazole and its Derivatives

Analogue to T4, the H and '3C NMR analysis of T6 (Figure 3.9) revealed the successful
synthesis by virtue of the newly arising resonance c at 6.0 ppm and 5 at 74.7 ppm without
affecting the methacrylic units (resonances a at 2.0 ppm and b at 6.2-5.8 ppm) or the pyrene-
tetrazole-moiety, supported by the intact absorbance of the photosensitive moiety in the

UV/Vis spectrum (Figure 6.20).

3.2.3 RAFT-Polymerization of the Tetrazole-
Monomers T4 and T6

Having confirmed the successful synthesis of T4 and T6 via the P-MCR, in the next step the
polymerization of the respective monomers was conducted. For the polymerization reaction,
the RAFT process was considered as suitable method for polymerization by virtue of the
advantages described in Chapter 2.1.2 (e.g. short reaction times, mild conditions, good
reaction control and tolerance towards various functional groups). With AIBN as initiator and
2-(dodecylthiocarbonothioylthio)-2-methylpropionic acid (DTMP) as chain transfer RAFT
agent, the respective tetrazole monomer (T4 or T6) was polymerized in the presence of methyl
methacrylate (MMA) as co-monomer in 1,4-dioxane at 90°C for 2 h, as illustrated in Scheme

3.17.
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Scheme 3.17: RAFT polymerization of the respective tetrazole-monomer (T4 or T6) in the presence of MMA as
co-monomer, AIBN as initiator and DTMP as RAFT agent to yield the RAFT-polymers RP1 or RP2, respectively.
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A ratio of tetrazole-monomer / MMA of 1 : 7 was selected to achieve comparable amounts of
photosensitive moieties in the polymer as in previous reported tetrazole-polymers obtained
via PPM reactions.?° The obtained RAFT-polymers RP1 and RP2 with peptide-analogue bonds
in the side chains (mint green colour in Scheme 3.17) were characterized via SEC (Figure 6.21)
and 'H NMR analysis (Figure 6.22 and Figure 6.23). While the latter was meant as a handle to
calculate the incorporated tetrazole amounts by comparing the resonance integrals of the
MMA protons (o at ~ 3.5 ppm or p at ~ 1.8 ppm) with the integrals of the tetrazole protons (h
at ~7.0 ppm, cat ~ 6.0 ppm, e’ at ~ 4.3 ppm, i at ~ 3.5 ppm or a at ~ 1.8 ppm), the overlapping
of the resonances did not allow a precise distinguishing of the respective protons. Therefore,
the theoretical values of the tetrazole-amount in the RAFT-polymers were assumed due to the
applied ratio of the monomers during the polymerization reaction. A summary of the
theoretical tetrazole amounts in addition to the respective M, values according to the SEC

analysis can be found in Table 3.1.

Table 3.1: Apparent number average molecular weight and dispersity values of the RAFT polymers RP1-RP3
obtained via THF-SEC and the respective theoretical % of the photosensitive moiety.

Polymer M, [Da] b T4 [%] T6 [%]
RP1 12 700 1.22 14.3 -
RP2 12 900 1.23 - 14.3
RP3 11400 1.41 14.3 14.3

Evidently, both polymers are obtained with similar M, values, and thus theoretically
comparable incorporated tetrazole-amounts, which is of critical importance for the
comparison of their respective photochemical behaviour.

Beneficially, both RP1 and RP2 show no change in their absorbance (Figure 3.10), thus
indicating no interference of the tetrazole-moieties with the applied components during the
RAFT polymerization. Additionally, the resonance of the protons c at ~ 6.0 ppm and k at ~ 3.3
ppm in the 'H NMR spectra remain intact in comparison to the tetrazole-monomers T4 and

T6, proving the RAFT-process as suitable polymerization method for T4 and T6.
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3.2 A Self-Reporting System based on Tetrazole and its Derivatives

Therefore, another RAFT polymerization has been conducted with both T4 and T6 in order to
obtain a polymer RP3 with orthogonal photochemical properties, i.e. UV- and Vis-
responsiveness (Scheme 3.18). The reaction was performed in similar manner as for RP1 or
RP2 with a monomer ratio of MMA /T4 /T6 7 : 1 : 1 to integrate a similar amount of both

photoactive moieties in the polymer as for RP1/2.
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Scheme 3.18: Synthesis of the co-polymer RP3 via RAFT-polymerization of T4 and T6 with MMA, AIBN and DTMP.

Indeed, SEC analysis (Figure 6.21) revealed a polymer formation with M, =11 400 g mol? (P =
1.41), and the successful incorporation of the tetrazole-monomers was evident from the H
NMR spectrum (Figure 6.24), thus being comparable to RP1 and RP2. Similarly to the NMR
analysis of RP1 and RP2, the overlap of the resonances prevented the exact calculation of the
respective incorporated photo-sensitive moieties and the theoretical values were taken as
shown in Table 3.1. Anew, UV/Vis spectroscopy of RP3 revealed the unchanged absorbance

of the intact tetrazole moieties (Figure 3.10).

3.2.4 Light-Controlled Orthogonal Self-Reporting
Behaviour of the Synthesized RAFT Polymers

Last but not least, the self-reporting properties of the RAFT-polymers RP1-RP3 were

investigated. Therefore, the NITEC reaction was conducted in the presence of a maleimide as

ene-functionality, which allows monitoring of the reaction progress in a self-reporting manner

due to the formation of a fluorescent pyrazoline adduct.3>°
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Figure 3.10: UV/Vis spectra of T4, T6, RP1, RP2 and RP3 in DCM at ambient temperature (¢ = 0.2 mg mL™).
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3.2 A Self-Reporting System based on Tetrazole and its Derivatives

Furthermore, the polymers can be folded into 3D-structured protein-mimicking materials in
the presence of suitable linker molecules (refer to Chapter 2.2.3), for which the RAFT-
polymers RP1-RP3 would be a suitable substructure due to the peptide-analogue bonds
formed in the P-MCR.

Accordingly, RP1-RP3 were irradiated with light in the presence of a bi-functional maleimide
(Bis-Mal) as cross-linker to obtain the folded polymers FP1-FP3 in the NITEC reaction. The
general reaction pathway is illustrated in Scheme 3.19 with simplified structural
representations for a better visualization (the exact molecular structures can be found in the
experimental part, 5.2.11). While FP1 is obtained via UV-irradiation of RP1 at Amax = 320 nm,
RP2 is folded under irradiation with a red-shifted light source, i.e. Vis-light at Aem = 410 -420

nm, yielding FP2.
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RP1 (x = 1, R = 4-methoxy phenyl), Ag, = 320 nm FP1 (x = 1, R = 4-methoxy phenyl)
RP2 (x = 10, R = pyrene), dgm = 410 nm FP2 (x =10, R = pyrene)
RP3 (combination of RP1 and RP2) FP3 (combination of FP1 and FP2)

FP3' + Bis-Mal
Aem = 320 nm

RP3 + Bis-Mal
Adem =410 nm

Scheme 3.19: Schematic representation of the NITEC reaction of the RAFT-polymers RP1-RP3. The folded
polymer FP1 is obtained after irradiation of RP1 at Amax = 320 nm, while FP2 is obtained after irradiation of RP2
at Aem = 410-420 nm. For the copolymer, RP3 was first irradiated at Aem = 410-420 nm to fold the Vis-sensitive
moieties (FP3’, displayed in a highly simplified manner for better visualization); subsequently, the UV-sensitive
moieties were folded under irradiation at Amax = 320 nm to yield FP3. The fluorescent pyrazoline-units are marked
in orange.
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As is evident from the UV/Vis analysis of the tetrazole-monomers T4 and T6 (refer to Figure
3.10), the absorption spectra partially overlap in the UV-region (< 350 nm), whereas
exclusively T6 shows an absorption at higher wavelengths (> 350 nm). Consequently, RP3 was
first irradiated at Aem = 410-420 nm to fold solely the Vis-sensitive units (FP3’). Subsequent
irradiation at Amax = 320 nm leads to the complete folding in FP3 by the reaction of the UV-
sensitive moieties with the Bis-Mal.

The first indication of a successful polymer folding was already observable by the naked eye
at normal daylight due to a colour change of the reaction mixtures before (RP1-3) and after
(FP1-3) the photoreactions (Scheme 3.20, top). Additionally, the folded polymers possess
different fluorescent properties compared to the unfolded polymers when irradiated with a
hand-held UV-lamp (Amax = 365 nm, Scheme 3.20, bottom), supporting the self-reporting

character of the tetrazole-containing polymers.
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Scheme 3.20: Images of the polymers before (RP1-3) and after (FP1-3) the photoreaction at daylight (top) and
under a hand-held UV-lamp (bottom, Aem = 365 nm).

To ensure that the different colour is indeed related to the pyrazoline formation and not to
the possible dimerization of the 1,3-dipole formed during the NITEC reaction (refer to Chapter
2.2.3), the photoreaction of RP1 has also been conducted in the absence of the Bis-Mal or any
other co-reactant. Clearly, the obtained polymer FP1’ shows different optical properties both
at daylight and under UV irradiation in comparison to FP1. Therefore, the colour change is
certainly attributed to the pyrazoline formation. The latter was also proven by further
analytical characterization methods. Indeed, the absorbance of RP1 shows a different
absorbance behaviour after the folding processes (FP1 and FP1’) as is evident from the UV/Vis

spectra in Figure 3.11A. As expected, the fluorescence emission of FP1’ is very weak with an
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3.2 A Self-Reporting System based on Tetrazole and its Derivatives

emission maximum at 466 nm, whereas a strong fluorescence emission is observed for FP1
with a maximum at 535 nm due to the formed pyrazoline moieties®® (Figure 3.11D). This was
also supported by *H NMR analysis (Figure 3.12). While the magnetic resonances of the
polymer backbone are mainly unchanged, the aromatic protons (e-g) are broadening and,
most importantly, new resonances at 5.7 and 5.1 (v and V', highlighted in red) ppm are arising
that can be assigned to the pyrazoline adduct.

For RP2 and RP3, the absorbance is not changing as drastically as for RP1 after the folding
process (Figure 3.11B-C); however, fluorescence analysis of the respective folded polymers
FP2, FP3’ and FP3 evidently shows the formation of the pyrazoline moieties. In the
fluorescence spectrum of FP2 (Figure 3.11E), two emission maxima are detected at 472 and
547 nm. While the maximum at 472 nm is generated by the excimer formation of the pyrene
units,360-362 the maximum at 547 nm reveals the successful generation of the desired

pyrazoline-moieties.
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Figure 3.11A-C: UV/Vis spectra of the RAFT polymers RP1-RP3 and the respective folded polymers FP1-FP3 in
DCM (c = 0.2 mg mL™). D-F: Fluorescence emission spectra of the RAFT polymers RP1-RP3 and the respective
folded polymers FP1-FP3 in DCM (c = 0.2 mg mL?, Aexc = 400 nm).

Similarly, two emission maxima are obtained for FP3’ after the folding in the Vis-range due to
the pyrene units and the partially modified tetrazole-moieties, whereas one broad emission is
obtained after the second irradiation in the UV-range leading to the complete folding of the

initial RP3 (Figure 3.11F).



3 Results and Discussion

Once again, 'H NMR spectroscopy supported the successful folding of RP2 and RP3. The
resonances of the pyrazoline-moiety in FP2 can be clearly detected at 3.9 and 3.4 ppm (v and
v/, highlighted in green in Figure 3.12). In addition, the orthogonal folding of RP3 can be
monitored, as demonstrated in Figure 3.13. While after the irradiation at 410 nm the
resonances of the UV-sensitive unit (protons h) remain intact at 7.1 ppm, a clear shift is
observed after irradiation at 320 nm to 7.7 ppm (indicate in blue). Moreover, the protons of
the two different pyrazoline units can be assigned (green and red assignments Figure 3.13.)
Beneficially, the resonances of the protons c from the parent tetrazole monomers at ~ 6.1
ppm are not affected during the NITEC reaction.

Noteworthy, the resonances of the aromatic protons in all RAFT and folded polymers are more
intense than e.g. the aliphatic resonance d or c at the stereo-centres of the polymers. This
might be attributed to hydrogen bonding effects and coiled structures due to the peptide-
analogue bonds in the polymers. This would also explain the results obtained from the SEC
analysis after the respective photoreactions. In the literature, it is reported that the folded
polymers show a decreased molecular weight due to the reduced hydrodynamic diameter of
the folded structure.®® However, only minor shifts in the M, values are measured for the
folded RAFT-polymers FP1-FP3, as shown in Figure 3.14.

Certainly, if the RAFT-polymers are already coiled, the intramolecular cross-linking with the
bis-maleimide would not result in a drastic change of the hydrodynamic diameters. Since
these results were obtained within the last stage of the PhD, more intense research needs to
be conducted in the future to precisely characterize the complex polymeric structures of the
RAFT polymers and the respective photo-chemically modified materials. For example, analysis
of all polymeric structures via DLS or diffusion ordered spectroscopy (DOSY) could possibly
give further insight into the structural behaviour. Moreover, repeating the NMR analysis with
a higher concentration or more scans for the respective measurements might be valuable.
Nevertheless, the employed synthetic strategy for the tetrazole-containing polymers via direct
polymerizable tetrazole-monomers was successful, and further, the simultaneous
incorporation of different photochemical properties into one polymeric material was
facilitated. Encouragingly, the photochemical properties allowed the monitoring of the
folding-process not only with instrumental analysis, but also by the naked eye in a self-

reporting manner due to the colour change of the reaction mixtures.
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Figure 3.12: Comparative *H NMR (400 MHz) spectra of FP1 and FP2 in CDCls.
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Figure 3.13: Comparative *H NMR (400 MHz) spectra of FP3’ and FP3 in CDCls.
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Figure 3.14: SEC elution traces of the RAFT polymers RP1-RP3 and the respective elution traces of the folded
polymers FP1-FP3 in THF at 30°C.
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4 Summary and Outlook

Within the last years, self-reporting materials responsive to a broad variety of stimuli (e.g.
mechanical forces, temperature, pH, solvation, light or chemicals) have been developed.? In
view of the many advantageous of such materials (for instance the precise detection of
changes or damages, facile maintenance, prolonged lifetime and the associated cost
reduction), the aim of the present doctoral thesis was the development of advanced self-
reporting systems with tailored properties. Therefore, two approaches have been investigated
based on different working principles, namely the chemiluminescent behaviour of luminol and
the photochemical properties of tetrazole and its derivatives.

In Chapter 3.1, an efficient synthetic strategy for the incorporation of all required
functionalities (i.e. a luminophore and a suitable co-reactant) enabling a self-reporting output
in one polymeric material is demonstrated. For the self-reporting moiety, luminol was chosen
as luminophore, whose CL is known to take place in basic (aprotic) media. Therefore, at first a
small molecule model study with luminol and various organic superbases has been conducted
to identify the most efficient organic superbase as co-reactant in the luminol-CL-reaction.
Beneficially, the bicyclic guanidine-superbase TBD revealed an outstanding performance as
co-reactant and a strong CL-emission was observed. Consequently, TBD was supposed to be
incorporated into the same polymer backbone.

Indeed, after several attempts and varying synthetic strategies, the PPM approach of an
active-ester copolymer allowed the incorporation of both TBD- and luminol-functionalities.
Moreover, the formation of supramolecular assemblies was facilitated in the presence of Me-
B-CD as host-molecule to yield biomolecule-mimicking binding behaviours. Eventually, the
addition of H,0, triggered the generation of ROS and thus, the oxidation of luminol to 3-APA,
which emitted a striking blue light visible even by the naked eye. Clearly, the results prove the
excellent self-reporting properties of the luminol-TBD-polymer. However, to enable the
postulated in vivo detection of ROS, the solubility and applicability of the polymer system in
aqueous media needs to be highly improved. One suitable approach therefore could be the
synthesis of active-ester-copolymers with a water-soluble polymer backbone (e.g.

poly(acrylamide) or poly(ethylene glycol)). Furthermore, luminol- and / or TBD-derivatives
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with water-soluble spacer chains might be prepared via MCR protocols. Indeed, just recently
a luminol-derivative was synthesized by means of the Ugi-MCR under microwave conditions
exhibiting a strong CL upon addition of H,0,.1> Combined with the results presented in the
current work, fascinating self-reporting chemiluminescent polymeric materials based on
luminol are envisaged with potential applications as imaging probe for the in vivo detection of
ROS or in analytical sensor technologies.

The potential of such MCR protocols has also proven to be extremely valuable for the second
part of the thesis. Herein, the photochemical properties of tetrazole and its derivatives were
selected as the handle for the self-reporting output due to the formation of highly fluorescent
pyrazoline adducts during the NITEC reaction. Similar to the synthesis of the first self-reporting
system, the strategies had to be adjusted several times before the Passerini-MCR finally
enabled the synthesis of tetrazole-derivatives with polymerizable moieties. Beneficially,
tetrazole-derivatives with A-orthogonal behaviour were synthesized by carefully choosing the
substituents on the tetrazole moiety. Detailed analysis of the tetrazole-derivatives revealed
that the tetrazole-units remain intact during the MCR, thus facilitating that the monomers are
subsequently polymerized via the RAFT polymerization process. Importantly, both tetrazole-
derivatives were simultaneously incorporated into the same polymeric material. Thus, a
polymer with A-orthogonal photochemical properties was obtained. Depending on the applied
wavelength, only one of the tetrazole-moiety is modified. While fluorescence and 'H NMR
analysis clearly revealed the successful folding of the respective photo-sensitive moiety,
further research and detailed analysis is necessary to precisely characterize the polymers and
their molecular structures before and after the photoreaction.

Nevertheless, the successful application of the P-MCR for the synthesis of highly functional
compounds might serve as inspiration for the design of a broad variety of innovative, multi-
functional substances in a facile manner without the need of catalysts of additional supporting
molecules during the reaction. For example, the starting materials in the P-MCR for the
synthesis of the tetrazole-monomers could be altered to broaden the range of suitable
subsequent polymerization methods. By applying for instance a bi-functional isonitrile and
two eq. of a tetrazole-aldehyde-derivative and a carboxylic acid derivative with a terminal
double bond, respectively, the obtained product would ideally lend itself for the acyclic diene
metathesis (ADMET) or thiol ene polymerization. Moreover, the ene-functionality or other

photo-sensitive chromophores (e.g. o-MBA) may be incorporated along the tetrazole-moiety
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within a single polymerization reaction to obtain highly functional self-reporting polymeric

materials.
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5 Experimental Part

5.1 Materials

Unless otherwise stated, all chemicals and solvents were used as received.

Acetone (VWR, normapur), aluminium oxide (Al,0s3, Merck, 90 active basic), 4,4’-azobis(4-
cyanovaleric acid) (V501, =75 %, Sigma Aldrich), 2,2’-azobis(isobutyronitrile) (AIBN, 98.0 %,
Sigma Aldrich), 11-bromo-1-undecanol (> 97 %, TCl), Celite®545 (VWR), chloroform (CHCls,
99.0-99.4 %, Merck), CHCI3 (99.9 %, extra dry, stabilized, AcroSeal, Acros Organics), 6-chloro-
1-hexanol (> 96.0 %, TCl), 3-chloro-1-propanol (98 %, Sigma Aldrich), copper sulfate
pentahydrate (CuSO45H,0, 99 %, Acros Organics), Dess-Martin periodinane (2 95 %, Alfa
Aesar), (1,8-diazabizyclo[5.4.0Jundec-7-ene (DBU, = 99.0 %, Sigma Aldrich), 1,2-
dichlorobenzene (99 %, Sigma Aldrich), dichloromethane (DCM, 99.9 %, extra dry, stabilized,
AcroSeal, Acros Organics), DCM (99.8 %, stabilized with 0.2 % of ethanol, VWR), diethylether
(VWR, normapur), diisopropylamine (DIPA, 99.5 %, Sigma Aldrich), N-(3-
dimethylaminopropyl)-N-ethylcarbodiimid (EDC, > 97.0 %, Sigma Aldrich), 4-
(dimethylamino)pyridine (DMAP, > 99 %, Sigma Aldrich), 5,5-dimethyl-1-pyrroline N-oxide
(DMPO, 297%, Sigma Aldrich), dimethyl sulfoxide (DMSO, > 99 %, Fisher), DMSO (max. 0.025 %
H.0, VWR, normapur), 1,4-dioxane (extra dry, AcroSeal, 99.8 %, Acros Organics), 1,4-dioxane
(99+ %, stabilized with ~5-10 ppm BHT, Alfa Aesar), 3,3’-dithiodipropionic acid (DTDPA, 99 %,
Sigma Aldrich), dodecanedioic acid (DDDA, 99 %, Sigma Aldrich), ethanol (EtOH, VWR,
normapur), EtOH absolute (max. 0.003 % H,0, VWR), ethyl acetate (EtOAc, VWR, normapur),
1,2-ethylene glycol (99.8 %, VWR), ethylformate (98 %, Acros Organics), heptanedioic acid
(HDA, = 98 %, Sigma Aldrich), hexamethylenediamine (98 %, Alfa Aesar), hexane (VWR,
normapur), hydrochloric acid (HCI, 32 %, VWR), hydrogen peroxide (H20,, 35 %, Roth), L-
ascorbic acid (AA, 98%, suitable for cell culture, Sigma Aldrich), lithium aluminium hydride
(LiAlH4, 95 %, Sigma Aldrich), luminol (98 %, (Alfa Aesar), magnesium sulfate anhydrous
(MgS0a4, 99.5 %, VWR), methacrylic acid (MAA, 299 %, Sigma Aldrich), methanol (MeOH, VWR,
normapur), 4,4’-methylenebis (N-phenylmaleimide) (bis-mal, 95 %, Alfa Aesar), methyl-B-
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cyclodextrin (Me-B-CD, > 95 %, Cavasol W7 M, Wacker), 1-pentyl isocyanide (PIC, 97 %, Sigma
Aldrich), phosphoryl trichloride (POCl3, 99 %, Sigma Aldrich), polarclean (Rhodiasolv®),
potassium carbonate (K2COs3, 99 %, Carl Roth), potassium hydroxide (KOH, > 85 %, Merck), 1,3-
propanediol (98 %, Sigma Aldrich), silica gel (Merck), sodium azide (NaNs, 99%, AJA), sodium
chloride (NaCl, 99.5 %, Merck), sodium hydrogen carbonate (NaHCOs3, 99 %, Merck), sodium
hydroxide (NaOH, > 99.0 %, Merck), superoxide dismutase (SOD, Sigma Aldrich),
tetrahydrofuran (THF, > 99.9 %, AcroSeal, Acros Organics), THF (VWR, analytical grade),
1,1,3,3-tetramethylguanidine (TMG, 99 %, abcr), 2,2,6,6-tetramethyl-4-piperidone (TMPD,
95%, Sigma Aldrich), thiourea (TU, extra pure, Scharlau), toluene (99.8%, extra dry, AcroSeal,
Acros Organics), 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD, 98 %, Sigma Aldrich), triethylamine
(TEA, 299 %, Sigma Aldrich), 4-vinylbenzyl chloride (VBC, 90%, Sigma Aldrich).

Methylmethacrylate (MMA, Sigma Aldrich, 99 %, < 30 ppm MEHQ as stabilizer),
pentafluorophenyl methacrylate (PFP-MA, TCI, > 97.0%) and pentafluorophenyl acrylate (PFP-
A, TCI, > 98.0 %) were passed through a basic Al,03 — column to remove the stabilizer before

using.

4-(2-(4-methoxyphenyl)-2H-tetrazol-5-yl)benzoic acid (M1)3%® and 2-(dodecylthiocarbo-
thioylthio)-2-methylpropionic acid (DTMP)3¢* were synthesized according to the literature
within the group. P1 was synthesized via a reported literature procedure?®® and kindly

provided by Waldemar Konrad.
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5.2 Experimental Procedures

5.2.1 Synthesis of the TBD-Derivatives TBD1-TBD3

5.2.1.1 3,4,7,8-Tetrahydro-2H-pyrimido[1,2-a]pyrimidine-1(6H)-propanol
(TBD1)

0 e GO
H
J)TBD1

Approach a: Under anhydrous conditions, 0.2784 g TBD (2.00 mmol, 1.00 eq.) were dissolved

HO

in 3.0 mL dry THF. After the addition of 0.2111 g 3-chloro-1-propanol (2.20 mmol, 1.10 eq.),
the colourless reaction mixture was put in a pre-heated oil bath at 70°C. The orange reaction
was stopped after 24 h and the solvent was evaporated. Subsequently, the orange oil was
dissolved in 10 mL DCM and washed with sat. NaHCOs, brine and H20 (2 x 10 mL each). The
organic layer was dried over MgS04 and removal of the solvent under reduced pressure
yielded an orange oil (m =0.0119 g, 3.0 %).

14 NMR (400 MHz, CDCl3) & / ppm: 5.26 (s, 1H, -N-CH-N-), 3.74 (t, 2H, HO-CH2-), 3.64 (t, 2H, CI-
CH>-), 3.30 (m, 4H, -CH>-CH>-N(H)-), 3.23 (m, 4H, -CH>-N-CH>-), 1.99 (m, 2H, CI-CH;-CH>-), 1.88
(m, 2H, -NH-CH>-CH>-), 1.75 (m, 2H, -N-CH>-CH>-).

Approach b: For the second approach, the same procedure as for approach a were applied,
yet with a shorter reaction time (i.e. 18 h) and a purification via vacuum distillation (3.0 x 10!
mbar, 60°C), yielding a yellow sticky material (m = 0.3324 g, 84 %).

14 NMR (400 MHz, DMSO) & / ppm: 7.25 (1H, m, HO-CHz-), 3.42 (m, 4H, -N-CH2-CH2-CH2-OH),
3.27-3.02 (m, 8H, -N-CHz-CHz-CHz-N-), 1.85 (m, 4H, -N-CH2-CH2-CH2-N-), 1.64 (m, 2H, N-CHa-
CH2-CH,-OH).
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Approach c: The reaction was conducted as described for approach a in EtOH and at 80°C.
After 70 h, the reaction was stopped and the solvent was evaporated. The crude product was
dissolved in 1M HCI (10 mL) and washed with Et,0 (3 x 15 mL). The aqg. Layer was adjusted to
pH = 14 by means of NaOH and subsequently extracted with DCM (6 x 15 mL). The combined
organic layers were dried over MgS04 and the solvent was evaporated. A dark yellow oil was
obtained (m =0.3019 g, 76 %).

'H NMR (400 MHz, CDCl3) 6 / ppm: 5.96 (1H, m, HO-CH;-), 3.38 (m, 4H, -N-CH>-CH,-CH>-OH),
3.28-3.10 (m, 8H, -N-CHz-CH>-CH>-N-), 1.92-1.69 (m, 4H, -N-CH>-CH,-CH>-N-), 1.61 (m, 2H, N-
CHz-CH2-CH>-OH).

The detailed assigned chemical shifts of approach a-c can be found in Figure 6.5.

5.2.1.2 3,4,7,8-Tetrahydro-2H-pyrimido[1,2-a]pyrimidine-1(6H)-hexan-1-ol
(TBD2)

C\lj\/,\lj oo M e — (r:,i/Nj
H
j% TBD2

Approach a: In a 25 mL round bottom flask, 0.2784 g TBD (2.00 mmol, 1.00 eq.) were dissolved

HO

in 8.0 mL extra pure EtOH under N;. After the addition of 0.2732 g 6-chloro-1-hexanol (2.00
mmol, 1.00 eq.), the reaction mixture was refluxed at 80°C for 23 h. The organic solvent was
evaporated and the crude product was purified via recrystallization from MeOH (m = 0.2013

g, 42 %). Nevertheless, the 'H and 3C NMR spectra (Figure 6.6) showed no product formation.

Approach b: The reaction setup of approach a was repeated with dry THF as solvent at 70°C
and a reaction time of 21 h. Again, the NMR analysis (Figure 6.6) revealed only resonances

assigned to the starting materials.

In two additional attempts, both approach a and b were repeated with shorter reaction times
(approach ¢ with 7.5 h and approach d with 6 h). Yet again, no product formation was

observed in the NMR spectra (Figure 6.6).
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5.2.1.3 3,4,7,8-Tetrahydro-2H-pyrimido[1,2-a]pyrimidine-1(6H)-undecan-1-ol
(TBD3)

D0 e GO
H
f%‘TBD3

Approach a: In a 25 mL round bottom flask, 0.2784 g TBD (2.00 mmol, 1.00 eq.) were dissolved

HO

in 8.0 mL extra pure EtOH under Na. Subsequently, 0.5024 g 11-bromo-1-undecanol (2.00
mmol, 1.00 eq.) were added to the TBD-solution and the reaction mixture was stirred at 80°C
for 22 h. The solvent was evaporated and the crude product was purified via recrystallization
from MeOH. Additionally, column chromatography (DCM / MeQOH 99 : 1, silica) was conducted,
yielding an orange viscous material (m = 0.0513 g, 8 %).

'H NMR (400 MHz, CDCl3) & / ppm: 3.60 (m, 2H, HO-CH>-CH>-), 3.49-3.35 (m, 2H, Br-CH»-CH.-
), 1.72 (m, 2H, Br-CH»-CH;-), 1.53 (m, 2H, HO-CH>-CH>-), 1.40-1.18 (m, 14H, Br-(CH2):-(CH:z)7-
(CHz)2-OH).

Approach b: In a second attempt, another reaction as described in approach a was conducted
with 0.1392 g TBD and a shorter reaction time of 6 h. The crude material was purified via
recrystallization from MeOH, yielding an orange oil (m = 0.0985 g, 32 %).

1H NMR (400 MHz, CDCl3) & / ppm: 3.68 (m, 2H, HO-CH,-CH-), 3.58 (m, 2H, -N-CHz-CH2-), 3.37-
3.19 (m, 8H, -N-CH2-CH2-CH2-N(H)-), 2.00 (m, 4H, -N-CHa-CHa-CH2-N(H)-), 1.80 (m, 2H, -N-CHa-
CHz-), 1.53 (m, 2H, HO-CH2-CHz-), 1.44-1.15 (m, 14H, -N-(CHz)2-(CHz)7-(CHz)2-OH).

Approach c: The reaction for the synthesis of TBD3 was repeated as in approach b with THF
as solvent at 70°C with a reaction time of 6 h, yielding a dark orange oil (m =0.1152 g, 37%).
'H NMR (400 MHz, CDCl3) 6 / ppm: 3.68 (m, 2H, HO-CH»-CH;-), 3.58 (m, 2H, -N-CH2-CH>-), 3.37-
3.19 (m, 8H, -N-CH>-CH>-CH>-N(H)-), 2.00 (m, 4H, -N-CH>-CH>-CH>-N(H)-), 1.80 (m, 2H, -N-CH-
CHz-), 1.53 (m, 2H, HO-CH2-CH>-), 1.44-1.15 (m, 14H, -N-(CH2)2-(CHz)7-(CH2)2-OH).

The NMR spectra of the approaches a-c are depicted in Figure 6.7.
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5.2.2 Synthesis of the active-ester polymers

5.2.2.1 Copolymer AEC1

.
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AEC1

Under anhydrous conditions, 0.40 g PFP-MA (1.587 mmol, 5.00 eq.), 0.0756 g PFP-A
(0.3170 mmol, 1.00 eq.) and 0.0317 g MMA (0.317 mmol, 1.00 eq.) were dissolved in 3 mL dry
1,4-dioxane. 3 mg AIBN (0.0190 mmol, 0.06 eq.) were dissolved in 3 mL dry 1,4-dioxane and
were added to the reaction mixture. The reaction mixture was purged with N, for 30 min prior
starting the reaction at 90°C. After 20 h, the reaction was stopped, and the reaction mixture
was cooled to ambient temperature. The organic solvent was evaporated, and the residue was
precipitated into ice cold MeOH, yielding a white solid (AEC1, 0.42 g).

SEC (THF): Mn = 6 500 g mol?, B = 1.49 (Figure 6.4).

IH NMR (500 MHz, CDCl3) & / ppm: 3.60 (m, 3H, CH3-O-CO-), 2.37 —0.78 (m, 13H, (-CH2-Cy)n(-
CH2-Co)m(-CH2-CH)o-, -CO-Cq-CHs).

19F NMR (471 MHz, CDCls) & / ppm: -152.14 (m, 2F, Fortho), -157.47 (m, 1F, Fpara), -162.02 (m,
2F, Fmeta)-

The respective *H and *°F chemical shift assignments are shown in Figure 6.3.
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5.2.2.2 Copolymer AEC2
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Under anhydrous conditions, 0.2380 g PFP-A (1.00 mmol, 1.00 eq.) and 0.1001 g MMA (1.00
mmol, 1.00 eq.) were dissolved in 10 mL dry 1,4-dioxane. 10 mg AIBN were dissolved in 10 mL
dry 1,4-dioxane and subsequently added to the reaction mixture. After purging with N; for 30
min, the reaction mixture was put in a preheated oil bath at 90°C. The reaction was stopped
after 20 h and the reaction mixture was cooled to ambient temperature. The solvent was
evaporated and the residue was precipitated into ice cold MeOH, yielding a white solid (AEC2,
0.81 g).

SEC (THF): M =6 900 g mol?, B =2.12.

'H NMR (500 MHz, CDCl3) 6 / ppm: 3.60 (m, 3H, CH3-O-CO-), 2.37 — 0.78 (m, 8H, (-CH2-CH)x(-
CH2-Cy)n-, -CO-Cq-CH3).

19F NMR (471 MHz, CDCl3) & / ppm: -152.14 (m, 2F, Fortho), -157.47 (M, 1F, Fpara), -162.02 (m,
2F, Frmeta).
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Figure 5.1: SEC elution trace of AEC2 in THF at 30°C.
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Figure 5.2: '"H NMR (500 MHz) and '°F NMR (471 MHz) spectra of AEC2 in CDCls, respectively.
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5.2.2.3 Copolymer AEC3
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Under anhydrous conditions, 0.7631 g VBC (5.0 mmol, 5.00 eq.), 0.2381 g PFP-A (1.00 mmol,
1.00 eq.) and 2.004 g MMA (20.00 mmol, 20.00 eq.) were dissolved in 10 mL dry 1,4-dioxane.
10 mg AIBN (0.06 mmol, 0.06 eq.) were dissolved in 10 mL dry 1,4-dioxane and were added to
the reaction mixture. The reaction mixture was purged with N; for 1 h before being reacted at
oil bath at 90°C. After 17 h, the reaction was stopped and the reaction mixture was cooled to
ambient temperature. The solvent was evaporated and the residue was precipitated into ice
cold MeOH, yielding a white solid (AEC3, 2.85 g).

SEC (THF): M» = 14 600 g mol!, D = 1.62.

'H NMR (400 MHz, CDCl3) & / ppm: 7.23 (m, 2H, Harom.), 7.01 (m, 2H, Harom.), 4.50 (m, 2H, -C4-
CH>-Cl), 3.54 (m, 3H, -CO-0O-CHs), 1.80 (m, 2H, (-CH2-CH)n(-CH2-Cq)m(-CH2-CH),), 1.23-0.45 (m,
9H, CH3-Cq-, (-CH2-CH)n(-CH2-Cq)m(-CH2-CH)o).

19F NMR (377 MHz, CDCl3) & / ppm: -152.08 (s, 2F, Fortho), -157.64 (s, 1F, Fpara), -162.07 (s, 2F,
Emeta).

The respective *H and 1°F chemical shift assignments can be found in Figure 5.5 and Figure 5.6.

81



5 Experimental Part

—— AEC3 (M, =14 600 Da, D = 1.62)

normalized intensity

18 20 22 24 26
retention time / min

Figure 5.3: SEC elution trace of AEC3 in THF at 30°C.
5.2.3 Synthesis of the luminol-polymers
5.2.3.1 Luminol-Polymer LP1
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Under anhydrous conditions, 0.3384 g AEC1 (0.2118 mmol of the PFP-A moiety, 1.00 eq.) were
dissolved in 4 mL dry 1,4-dioxane. In a separate round bottom flask, 0.0938 g luminol (0.0938
mmol, 2.50 eq. with respect to the PFP-A moiety of the polymer backbone) and 0.15 mL TEA
(0.1072 g, 1.0590 mmol, 5.00 eq. with respect to the PFP-A moiety of the polymer backbone)
were dissolved in 2 mL dry DMSO, also under anhydrous conditions. The luminol — mixture
was added to the dissolved polymer mixture and the reaction mixture was put in a preheated
oil bath at 50°C. After 24 h, the reaction mixture was cooled to ambient temperature and the

solvent was evaporated. Precipitation into ice cold MeOH yielded a yellow solid (LP1, 0.32 g).
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SEC (THF): Mn =7 400 g mol, = 1.54 (Figure 6.4A).

1H NMR (500 MHz, DMF) & / ppm: 12.06 (s, 2H, -CO-NH-NH-CO-), 11.25 (s, 1H, -CO-NH-Cy-),
7.47 (m, 1H, Harom.), 6.93 (m, 1H, Harom.), 6.89 (M, 1H, Harom.), 3.57 (m, 3H, CH3-O-CO-), 2.36 —
1.08 (m, 13H, -(CH2-Cq)m-(CH2-Cq)n-(CH2-CH)o-, CH3-Cq-CO-0-).

15F NMR (471 MHz, DMSO) & / ppm: -152.32 (m, 2F, Fortho), -157.49 (m, 1F, Fpara), -162.40 (m,
2F, Fmeta).

The respective *H and ¥ NMR spectra are depicted in Figure 6.3.

5.2.3.2 Luminol-Polymer LPY’
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Under anhydrous conditions, 26.7 mg LP1 (0.0324 mmol of the PFP-MA moiety, 1.00 eq.) were

LP1’

dissolved in dry 1,4-dioxane under N;. In a separate vial, 27.1 mg 11-bromo-1-undecanol
(0.0810 mmol with respect to the PFP-MA moieties in the polymer backbone, 2.50 eq.) and
16.4 mg TEA (0.1620 mmol with respect to the PFP-MA moieties in the polymer backbone,
5.00 eq.) were dissolved in dry DMSO. Subsequently, the DMSO-mixture was added to the
LP1-solution and the reaction mixture was put in a pre-heated oil bath at 50°C. The reaction
was stopped after 21 h and the solvent was evaporated. Precipitation into ice cold Et,0 yielded
a yellow residue (LP1’), which was collected via centrifugation (0.0715 g).

SEC (THF): M, = 8 900 g mol%, © = 1.39 (Figure 5.4).

1H NMR (500 MHz, DMF) & / ppm: 11.88 (s, 2H, -CO-NH-NH-CO-), 9.78 (s, 1H, -CO-NH-C;-), 7.67
(m, 2H, Harom.), 7.24 (m, 1H, Harom.), 3.88 ppm (m, 2H, Br-CH»-CH>-), 3.70 (m, 2H, Br-(CHz)10-
CH,-0-), 3.50 (m, 3H, CH3-O-CO-), 1.98-1.74 ppm (m, 6H, Br-CH»-CHz-(CH)s-(CHz)2-CH2-0-),
1.38 — 1.12 (m, 25H, Br-(CHz)2-(CHz)s-CHz), -(CH2-CH)n-(CHa-Cq)n-(CH2-Cq)sn-, CH3-C4-CO-O-).

19F NMR (471 MHz, DMSO) & / ppm: -157.49 (m, 1F, Fpara), -162.40 (M, 2F, Fmeta).

The assigned chemical shifts of the *H and °F resonances can be found in Figure 6.8.
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Figure 5.4: SEC elution trace of LP1’ in THF at 30°C.

5.2.3.3 Luminol-Polymer LP2

Ox O ow 0
n n NH, O A A -
o © . NH 0 HN"So 070
F F NH F F
n
F F © HN F F
i 0 LP2 F
AEC2

Under anhydrous conditions, 0.80 g AEC2 (2.318 mmol of the PFP-A moiety, 1.00 eq.) were
dissolved in 16 mLdry 1,4-dioxane. In a separate round bottom flask, 0.070 mg luminol (0.3940
mmol, 0.17 eq. with respect to the PFP-A moiety of the polymer backbone) and 0.64 mL TEA
(0.4691 g, 4.6360 mmol, 2.00 eq. with respect to the PFP-A moiety of the polymer backbone)
were dissolved in 8 mL dry DMSO, also under anhydrous conditions. The luminol — mixture
was added to the dissolved polymer mixture and the reaction mixture was put in a preheated
oil bath at 50°C. After 19 h, the reaction mixture was cooled to ambient temperature and the
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solvent was evaporated. Precipitation into ice cold MeOH yielded a yellow solid (LP2, 0.24 g).
SEC (DMAc): M =11 300 g mol?, © = 1.34 (Figure 6.4B).

'H NMR (500 MHz, DMF) & / ppm: 12.06 (s, 2H, -CO-NH-NH-CO-), 11.25 (s, 1H, -CO-NH-C,-),
7.47 (m, 1H, Harom.), 6.93 (m, 1H, Harom.), 6.89 (m, 1H, Harom.), 3.57 (m, 3H, CH3-O-CO-), 2.36 —
1.08 (m, 11H, (CH2-CH)n-(CH2-Cq)n-(CH2-CH)sn-, CH3-C4-CO-0-).

19 NMR (471 MHz, DMSO) 6 / ppm: -152.32 (m, 2F, Fortho), -157.49 (M, 1F, Fpara), -162.40 (m,
2F, Fmeta).

The assignment of the 'H and °F resonances are illustrated in Figure 6.9 and Figure 6.10.

5.2.3.4 Luminol-Polymer LP2’

0.0 0g 0
O HN" 0 070 + I >"0H 0O HN"So 0”70
Sl ed 0
AN F F AN (o]}
o] Lp2 F o LP2'

Under anhydrous conditions, 0.2360 g LP2 (0.616 mmol of the PFP-A moiety) were dissolved
in 5.8 mL 1,4-dioxane. In a separate vial, 0.1460 g 3-chloro-1-propanol (1.539 mmol with
respect to the PFP-moieties in the polymer backbone) and 0.3120 g TEA (3.0780 mmol with
respect to the PFP-A moieties in the polymer backbone) were dissolved in dry DMSO. The
reaction mixture was purged with Nz for 20 min and subsequently put in a pre-heated oil bath
at 50°C. After 18 h, the reaction was stopped and the solvent was evaporated. The final
product LP2’ was obtained after precipitation in ice cold Et,0 (yield = 0.0930 g).

SEC (DMACc): M, =16 700 g moll, b = 1.44 (Figure 6.4B).

'H NMR (500 MHz, DMF) 6 / ppm: 11.9 (s, 2H, -CO-NH-NH-CO-), 11.25 (s, 1H, -CO-NH-C4-), 7.47
(m, 1H, Harom.), 6.93 (m, 1H, Harom.), 6.89 (M, 1H, Harom.), 3.80 (m, 2H, -CO-O-CH2-CH>-), 3.57 (m,
5H, CI-CH;-CH>-, CH3-0-CO-), 2.36 — 1.08 (m, 13H, CI-CH»-CH>, (CH2-CH)n(CH2-Cq)n-(CH2-CH)sn-,
CH3-C4-CO-0-).

19F NMR (471 MHz, DMSO) & / ppm: -152.32 (m, 2F, Fortho), -157.49 (m, 1F, Fpara), -162.40 (m,
2F, Frmeta).

The assignment of the 'H and °F resonances are illustrated in Figure 6.9 and Figure 6.10.
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5.2.3.5 Luminol-Polymer LP3
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Under anhydrous conditions, 0.50 g AEC3 (0.1608 mmol of the PFPA-moiety, 1.00 eq.) were
dissolved in 1.7 mLdry 1,4-dioxane. In a separate round bottom flask, 0.0285 g luminol (0.1608
mmol, 1.00 eqg. with respect to the PFP-A moiety of the polymer backbone) and 0.045 mL TEA
(0.0325 g, 0.3216 mmol, 2.00 eq.) were dissolved in 0.9 mL dry DMSO under N». The luminol-
mixture was added to the dissolved polymer mixture and the reaction mixture was put in a
preheated oil bath at 50°C. After 21 h, the reaction mixture was cooled to ambient
temperature and the solvent was evaporated. Precipitation into ice cold MeOH yielded LP3 as
a light yellow solid (0.42 g).

'H NMR (400 MHz, DMSO) & / ppm: 11.28 (m, 2H, -CO-NH-), 7.45 (m, 1H, Harom.), 7.29 (M, 2H,
Harom.), 7.04 (m, 3H, Harom., -CO-NH-), 6.91 (m, 1H, Harom.), 6.84 (M, 1H, Harom.), 4.69 (M, 2H, -Cq-
CH>-Cl), 3.47 (m, 3H, -CO-0O-CHs), 1.74 (m, 2H, (-CH2-CH)n(-CH2-Cq)m(-CH2-CH),), 1.35-0.39 (m,
9H, , CH3-Cq-, (-CH2-CH)n(-CH2-Cq)m(-CH2-CH)o).

86



5.2 Experimental Procedures

DMSO
™
d
5 C k a,b
n
I I *
e mfg J J
CDCI
T 3
)
0
c d
< k
n
il /W
J)W a,b
1 L 1 L 1 L 1 L 1 L 1 L
12 10 8 6 4 2 0
S/ ppm

Figure 5.5: 'H NMR (400 MHz) spectra of AEC3 in CDCls; and LP3 in DMSO-de.
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Figure 5.6: 1°F NMR (377 MHz) spectra of AEC3 in CDCls; and LP3 in DMSO-de.
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5.2.4 Synthesis of the luminol-TBD-polymers

5.2.4.1 Luminol-TBD-Polymer LTP1

4/i]if:q§%t;t%; [ii;Liﬁj O HN 13 :D i:
2 I AR o I
HN L\/J

(o

LTP1

Under anhydrous conditions, 25.0 mg LP1 (0.0303 mmol of the PFP-MA moiety, 1.00 eq.) were
dissolved in 0.28 mL dry 1,4-dioxane under N>. In a separate vial, 10.6 mg TBD (0.0758 mmol
with respect to the PFP-MA moieties in the polymer backbone, 2.50 eq.) and 15.3 mg TEA
(0.1515 mmol with respect to the PFP-MA moieties in the polymer backbone) were dissolved
in dry DMSO. Subsequently, the TBD-mixture was added to the LP1-solution and the reaction
mixture was put in a pre-heated oil bath at 50°C. The reaction was stopped after 20 h and the
solvent was evaporated. The obtained material LTP1 was not soluble in any organic solvent

for further purification of analysis.

5.2.4.2 Luminol-TBD-Polymer LTP1’

o] T Ty

LP1' LTP1" U

Under anhydrous conditions, 30.0 mg LP1’ (0.0364 mmol of the Br-moiety, 1.00 eq.) were
dissolved in 0.5 mL dry 1,4-dioxane under N». In a separate vial, 12.7 mg TBD (0.0910 mmol
with respect to the PFP-MA moieties in the polymer backbone, 2.50 eq.) and 18.4 mg TEA

(0.1820 mmol with respect to the PFP-MA moieties in the polymer backbone) were dissolved
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in dry DMSO. Subsequently, the TBD-mixture was added to the LP1’-solution and the reaction
mixture was put in a pre-heated oil bath at 50°C. The reaction was stopped after 18 h and the
solvent was evaporated. The obtained material LTP1’ was not soluble in any organic solvent

for further purification of analysis.

5.2.4.3 Luminol-TBD-Polymer LTP2

o d
gy SRt ol
?ﬁj . \D

LP2' LPT2 |\)

Under anhydrous conditions, 0.0930 g LP2’ (0.1710 mmol of the Cl-moiety) and 0.0356 g TBD
(0.2560 mmol with respect to the Cl-moieties in the polymer backbone, 1.50 eq.) were
dissolved in 0.3 mL dry THF. The reaction mixture was put in a pre-heated oil bath at 70°C.
After 25 h, the viscous, yellow materials was dissolved in 0.5 mL CHCls and precipitated into
ice cold Et20. The yellow residue was collected via centrifugation and dried under reduced
pressure, yielding a yellow, sticky material (LTP2, m = 0.0753 g).

SEC (DMAc) =5 200 g mol?, B =1.76.

'H NMR (500 MHz, DMF) 6 / ppm: 11.9 (s, 2H, -CO-NH-NH-CO-), 11.25 (s, 1H, -CO-NH-C4-), 7.76
(s, 1H, -CH>-NH-CH-), 7.47 (m, 1H, Harom.), 6.93 (m, 1H, Harom.), 6.89 (M, 1H, Harom.), 6.13 (s, 1H,
-N-CH-NH-), 3.54 (m, 4H, -CO-O-CH>-CH,-CH>-), 3.33 (m, 3H, CH3-O-CO-), 3.15 (m, 8H, -N-CH>-
CH;-CH>-N-), 2.44 (m, 1H, -(CH>-CH)n-CH>-, 1.86 (m, 2H, -N-CH>-CH>-), 1.76 (m, 4H, -N-CH>-CH>-
CH2-N-), 1.09 — 0.62 (m, 10H, (CH2-CH)n-(CH2-Cq)n-(CH2-CH)sn-, CH3-C4-CO-0-).

The 'H NMR spectrum of LTP2 with the chemical shift assignments is shown in Figure 6.9.
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5.2.4.4 Luminol-TBD-Polymer LTP3
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Under anhydrous conditions, 0.4226 g LP3 (0.1359 mmol of the PFP-A moiety in the initial
polymer AEC3, 1.00 eq.) were dissolved in 1.7 mL dry 1,4-dioxane. In a separate round bottom
flask, 0.0946 g TBD (0.6795 mmol, 5.00 eq. with respect to the PFP-A moiety of the polymer
backbone AEC3) and 0.038 mL TEA (0.0275 g, 0.2718 mmol, 5.00 eq. with respect to the PFP-
A moiety of the polymer backbone AEC3) were dissolved in 0.9 mL dry DMSO under N». The
TBD-mixture was added to the dissolved polymer mixture and the reaction mixture was put in
a preheated oil bath at 50°C. After 20 h, the reaction mixture was cooled to ambient
temperature and the solvent was evaporated. Precipitation into ice cold Et;0 yielded LTP3 as
a yellow solid (0.41 g).

'H NMR (400 MHz, DMSO) & / ppm: 8.52 (m, 1H, -CH,-NH-CH-), 7.33 (m, 1H, Harom.), 7.14 (m,
2H, -CO-NH-), 7.01 (m, 3H, Harom.), 6.74 (m, 3H, Harom.), 6.10 (s, 2H, -C4-CH2-N¢-), 3.47 (m, 3H,
CHs3-0-CO-), 3.26 (m, 8H, -N-CH>-CH>-), 1.91-1.18 (m, 2H, (-CHz-CH)n(-CH2-Cq)m(-CH2-CH)o),
1.11-0.49 (m, 9H, CH3-Cq-, (-CH2-CH)n(-CH2-Cq)m(-CH2-CH)o).

The chemical shift assignments are illustrated in Figure 3.4.

5.2.5 Procedure for the host-guest complexation

For the formation of the supramolecular complex C1, the luminol-TBD-polymer LTP3 (1.00 eq.,
0.02 g mL?) was dissolved in DMSO. After complete dissolving, the host-molecule Me-B-CD

(5.20 eq.) was added. The solution was stirred at room temperature for 1 h.
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5.2.6 1,6-Diisocyanohexane (DICH)

o 1) DCM, DIPA, 0°C
I o o 2) POCl, o
H™ o H 3) H,0 / K,CO4 L ©
NH, J N_ _H ® NZ
H,N
2 /\% reflux H ”/\% \”/ G)ZNA(V);
- EtOH O DICH

In a 250 mL round bottom flask, 10.0 g hexamethylenediamine (86.1 mmol, 1.00 eq.) and 172
mL ethyl formate (158 g, 2.02 mmol, 23.5 eq.) were heated under reflux (70°C). The reaction
was stopped after 18 h and the solvent was removed under reduced pressure. Subsequently,
the obtained formamide was suspended in 175 mL DCM. After the addition of 72.6 mL DIPA
(52.5 g, 516 mmol, 6.00 eq), the suspension was cooled below 0°C with a liquid N, / acetone
mixture. Slowly, 22.5 mL POCIs (36.9 g, 241 mmol, 2.80 eq.) were added dropwise, keeping
the temperature of the reaction mixture steadily below 0°C. The reaction mixture was stirred
for 2 h, in which a colour change from white to yellow was observed; the yellow mixture was
poured into 500 mL ice water containing 100 g K;COs and stirred for one more hour. Then, the
organic layer was separated, the aq. layer was extracted with DCM (3 x 50 mL) and the
combined organic layers were dried over K,COs. After removal of the K,COs via filtration over
Celite, the solvent was evaporated. Further purification by column chromatography (hexane
/ EtOAc5:1 - 2:1) and subsequent solvent removal yielded the DICH as light yellow oil (m
=8.35g, 71 %).

'H NMR (400 MHz, CDCl3) 6 / ppm: 3.27 (m, 4H, CN-CH>-), 1.57 (m, 4H, CN-CH»-CH>-), 1.35 (m,
4H, CN-CH2-CH,-CH>-).

13C NMR (100 MHz, CDCl3) 6 / ppm: 155.28 (CN-CH>-), 40.64 (CN-CH>-), 28.07 (CN-CH>-CH.-
CH>-), 24.83 (CN-CH2-CH>-).
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Figure 5.7: 'H NMR (400 MHz) and 3C NMR (100 MHz) spectra of DICH in CDCls.

5.2.7 Synthesis of the tetrazole-aldehyde

derivatives

5.2.7.1 4-(2-(4-methoxyphenyl)-2H-tetrazol-5-yl)benzaldehyde (T1)

Q OH 2
OH H
1 2

N N= N

N= LiAIH,, I N DMP N

N /N N\N/ N I,N

o o] o

0 ? o
[ M1 M1 | T1

Step 1: Under anhydrous conditions, 1.0 g M1 (3.3774 mmol, 1.00 eq.) were dissolved in 15
mL dry THF. In a separate flask, 0.1538 LiAlIH4 (4.0529 mmol, 1.20 eq.) were dispersed in 9 mL
dry THF under N3, before being cooled to 0°C. Very slowly, the M1-solution was added
dropwise to the LiALHs-suspension under continuous N-flow. The reaction mixture was
stirred for 24 h at ambient temperature. Then, the mixture was cooled to 0°C again and 0.2
mL H,O were slowly added to deactivate unreacted LiAlH4, followed by the addition of 0.4 mL

10wt% NaOH and 0.6 mL H,0. Subsequently, the salt was filtered off and washed several times
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with THF. Removal of the solvent under reduced pressure yielded the tetrazole-alcohol M1’
(m=0.62g, 64 %).

'H NMR (400 MHz, DMSO) 6 / ppm: 8.09 (m, 4H, Harom), 7.52 (d, 2H, Harom), 7.20 (d, 2H, Harom.),
5.37 (m, 1H, HO-CH;-), 4.59 (m, 2H, HO-CH>-), 3.85 (s, 3H, CH3-0O-).

13C NMR (100 MHz, DMSO) & / ppm: 164. 37 (-N-C4-Cq4-), 160.43 (CH3-0-Cy-), 145.56 (HO-CH.-
Cq), 129.48 (-N-Cy¢-Cqg-), 127.69 (-Cq-CHarom-), 126.54 (-C4-CHarom-), 124.63 (-N-Cq—CHarom-),
121.52 (-Cq-CHarom-), 114.98 (-Cq-CHarom-), 62.27 (HO-CH2-Cq-), 55.65 (CH3-O-Cq-).

Step 2: In a 25 mL round bottom flask, 0.6131 g M1’ (2.1733 mmol, 1.00 eq.) were dissolved
in 16 mL dry DCM under N». Subsequently, 1.1061 g Dess-Martin periodinane (DMP, 2.6080
mmol, 1.20 eq.) were added and the reaction mixture was stirred for 4 h at ambient
temperature. Then, the solvent was removed under reduced pressure and the residue was
dissolved in 60 mL EtOAc. After washing with sat. NaHCOs, brine and H,0 (20 mL each), the
organic layer was dried over MgSQs. Finally, the product T1 was obtained by evaporation of
the solvent as dark orange solid (m = 0.5987 g, 98%).

IH NMR (400 MHz, DMSO) & / ppm: 10.10 (s, 1H, H-CO-C;-), 8.37 (d, 2H, Harom), 8.10 (m, 4H,
Harom), 7.21 (d, 2H, Harom), 3.85 (s, 3H, CH3-0O-).

13C NMR (100 MHz, DMSO) & / ppm: 192.62 (H-CO-C,-), 163.66 (-N-C4-Cy-), 160.43 (CH3-O-Co-
), 137.10 (H-CO-Cy-), 131.68 (-N-C4-Cy-), 130.35 (-C4-CHarom-), 129.48 (-N-Cy—CHarom-), 127.16
(-Cq-CHarom-), 121.73 (-Cq-CHarom-), 114.98 (-Cq-CHarom-), 55.65 (CH3-O-Cqy-).
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Figure 5.8: 'H NMR (400 MHz) spectra of M1, M1’ and T1 in DMSO-ds, respectively.
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Figure 5.9: 1*C NMR (100 MHz) spectra of M1, M1’ and T1 in DMSO-ds, respectively.
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5.2.7.2 3-oxopropyl 4-(2-(4-methoxyphenyl)-2H-tetrazol-5-yl)benzoate (T2)
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Step 1: Under anhydrous conditions, 0.5926 g M1 (2.00 mmol, 1.00 eq.) and 0.0489 g DMAP
(0.40 mmol, 0.20 eq.) were dissolved in 20 mL dry THF and 5 mL dry DCM. After the addition
of 1.45 mL 1,3-propanediol (1.5220 g, 20.00 mmol, 10.00 eq.), the reaction mixture was cooled
to 0°Cand 0.4601 g EDC (2.40 mmol, 1.20 eq.) were added. The reaction mixture was allowed
to come to ambient temperature and was stirred for 22 h. Subsequently, the reaction mixture
was washed with 50 mL 5 wt% HCI, NaHCOs and brine, respectively. The organic layer was
dried over MgS04 and the solvent was removed under reduced pressure, yielding M2 as pale
pink solid (m =0.51 g, 72%).

'H NMR (400 MHz, CDCls) & / ppm: 8.32 (d, 2H, Harom), 8.18 (d, 2H, Harom), 8.09 (d, 2H, Harom),
7.05 (d, 2H, Harom), 4.51 (t, 2H, -CO-O-CH>-), 3.89 (m, 3H, CH3-0-), 3.80 (t, 2H, HO-CH-), 2.03
(m, 2H, HO-CH>-CH>-).

13C NMR (100 MHz, CDCl3) 6 / ppm: 166.54 (-O-CO-C4-), 163.83 (-N-C4-Cq4-), 160.38 (CH3-0-Cq-
), 132.02 (-N-Cy-Cq-), 130.17 (-N-Cq-CHarom=, -Cq-CHarom-, -O-CO-Cqy-), 126.72 (-Cq-CHarom), 121.99
(-Cq-CHarom-), 114.71 (-C4-CHarom-), 62.20 (HO-CH>-), 59.06 (-CO-O-CH->-), 55.61 (CH3-0-), 31.47
(HO-CH-CH:>-).

Step 2: In a 25 mL round bottom flask, 0.5098 g M2 (1.4386 mmol, 1.00 eq.) were dissolved in
11 mL dry DCM under N». Subsequently, 0.7320 g DMP (1.7263 mmol, 1.20 eq.) were added
and the reaction mixture was stirred for 4 h at ambient temperature. After removal of the

solvent, the residue was dissolved in 20 mL DCM and washed with 20 mL sat. NaHCOs, brine
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and HO, respectively. The organic layer was dried over MgS0Os and the solvent was
evaporated, giving T2 as pale yellow solid (m = 0.4985, 98%).

'H NMR (400 MHz, CDCls) 6 / ppm: 9.89 (s, 1H, H-CO-), 8.32 (d, 2H, Harom), 8.15 (d, 2H, Harom),
8.10 (d, 2H, Harom), 7.05 (d, 2H, Harom), 4.71 (t, 2H, -CO-O-CH>-), 3.89 (m, 3H, CH3-0-), 2.96 (m,
2H, H-CO-CH>-).

13C NMR (100 MHz, CDCl3) 6 / ppm: 199.08 (H-CO-), 165.94 (-O-CO-C,-), 163.83 (-N-C4-Cy-),
160.17 (CH3-0-Cqy-), 131.50 (-N-Cy-Cy-), 130.47 (-N-Cq-CHarom=, -Cq-CHarom-, -O-CO-Cq-), 126.72 (-
Cq-CHarom), 121.47 (-Cq-CHarom-), 114.50 (-Cq-CHarom-), 59.06 (-CO-0O-CH>-), 55.83 (CH3-0-), 42.87
(H-CO-CH>-).

The detailed chemical assighment of the *H and *3C NMR resonances can be found in Figure

6.12.

5.2.7.3 2-oxoethyl 4-(2-(4-methoxyphenyl)-2H-tetrazol-5-yl)benzoate (T3)

H
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The synthesis of T3 was conducted in a similar manner as for T2 with 1,2-ethanediol instead
of 1,3-propanediol.

After the first reaction step, M3 was isolated as pale pink solid with a yield of 93 %.

1H NMR (400 MHz, CDCl3) & / ppm: 8.35 (d, 2H, Harom), 8.21 (d, 2H, Harom), 8.09 (d, 2H, Harom),
7.06 (d, 2H, Harom), 4.52 (t, 2H, -CO-O-CH>-), 4.00 (t, 2H, HO-CH>-), 3.88 (m, 3H, CH3-0-), 1.65
(m, 1H, HO-CH>-).

13C NMR (100 MHz, CDCl3) & / ppm: 166.25 (-0-CO-C,-), 164.08 (-N-C4-Cy-), 160.38 (CH3-0-C,-
), 131.62 (-N-Cy-Cq-), 130.35 (-N-Cq-CHarom=, -Cq-CHarom-, -O-CO-Cqy-), 126.88 (-Cq-CHarom), 121.19
(-Cq-CHarom-), 114.57 (-C4-CHarom-), 66.81 (CH3-0-), 61.29 (HO-CH2-), 55.89 (HO-CH2-CH2-).
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The second reaction step yielded T3 as yellow solid (76 %).

H NMR (400 MHz, CDCl3) 6 / ppm: 9.78 (s, 1H, H-CO-CH,-), 8.36 (d, 2H, Harom), 8.24 (d, 2H,
Harom), 8.10 (d, 2H, Harom), 7.06 (d, 2H, Harom), 5.29 (t, 2H, -CO-O-CH;-), 3.92 (m, 3H, CH3-0-).
13C NMR (CDCl3) & / ppm: 195.65 (H-CO-CH.-), 165.47 (-O-CO-Cq-), 164.29 (-N-C4-C4-), 160.73
(CH3-0-C4-), 132.11 (-N-Cq-Cy-), 130.55 (-N-Cq-CHarom-, -Cq-CHarom-, -O-CO-Cq4-), 127.08 (-Cqy-
CHarom), 121.19 (-Cq-CHarom-), 114.65 (-C4-CHarom-), 69.10 (CH3-0-), 55.73 (H-CO-CH2-).

T3
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cDCl,
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Figure 5.10: *H NMR (400 MHz) spectra of M3 and T3 in CDCls.

98



5.2 Experimental Procedures

200 150 100 50 0
o/ ppm

Figure 5.11: 3C NMR (100 MHz) spectra of M3 and T3 in CDCls.

5.2.7.4 11-oxoundecyl 4-(2-(pyren-1-yl)-2H-tetrazol-5-yl)benzoate (T5)

DMP

Under anhydrous conditions, 0.50 g P1 (0.8917 mmol, 1.00 eq.) were dissolved in 6.5 mL dry
DCM. Subsequently, 0.4538 g DMP (1.0700 mmol, 1.20 eq.) were added and the reaction
mixture was stirred at ambient temperature for 5 h. After washing with NaHCO3, NaCl and
H>0 (20 mL each), the organic layer was dried over MgS0O4 and the solvent was evaporated.

The product T5 was obtained as red sticky material (m =0.43 g, 86 %).
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IH NMR (400 MHz, DMSO) & / ppm: 9.66 (s, 1H, H-CO-CHz-), 8.61-7.74 (m, 13H, Harom-), 4.31
(t, 2H, -CO-0-CHz-), 1.73 (m, 2H, -CO-0-CH-CH>-), 1.50 (m, 2H, H-CO-CH>-), 1.42 (m, 4H, HCO-
O-CHz-CHy-, -CO-0-(CHz)2-CHz-), 1.28 (m, 10H, -HCO-(CHz)2-(CHz)s-(CH2)3-0-).

13C NMR (100 MHz, DMSO) & / ppm: 204.02 (H-CO-CHz-), 165.42 (-C,-CO-0-), 163.80 (-N-C4-Co-
), 136.41-124.01 (-Cq-CHarom-, -Cq-Cq-, -N-Cq-, -N-C4-Cq-, -O-CO-Cy-), 55.16 (-CO-O-CH>-), 43.04
(HCO-CHz-), 32.85 (-CO-O-CHz-CHz-), 28.39 (HCO-(CHz)2-(CHz)s-), 25.23 (-CO-O-(CHz)3-CHz-),
21.31 (HCO-CHy-CHz-), 19.82 (-CO-O-(CH2)-CH2-).
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Figure 5.12: 'H NMR (400 MHz) and 3C NMR (100 MHz) spectra of T5 in DMSO-d.

5.2.8 Passerini-MCP

5.2.8.1 General Procedure for the P-MCP

In a small crimp vial, 1.00 eq. of the bi-functional carboxylic acid and up to 3.00 eq. of the
mono-functional aldehyde derivative were dissolved in a dry solvent (as stated in the
respective synthesis procedures) with a concentration of ¢ = 1 mmol mL? regarding the bi-
functional carboxylic acid component. Subsequently, the reaction mixture was purged with N»
for 5 min before adding 1.00 eq. DICH. The reaction mixture was purged again for 5 min with
N2 and then put in a pre-heated oil bath at 45°C (unless stated otherwise). Once the reaction

was stopped, the reaction mixture was diluted with the smallest amount of solvent and
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precipitated into ice cold MeOH. Drying of the residue under reduced pressure or in the

vacuum oven yielded the respective products.

5.2.8.2 Synthesis of the Tetrazole-Polymer TP1
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The synthesis of TP1 was conducted according to the general procedure for the P-MCP with a
ratio of DICH / DTDPA /T11:1:2.20 in DCM at 40°C. After 7 days, the reaction was stopped
and precipitation into ice cold MeOH resulted in a light brown oily material.

SEC (THF): M =1 200 g mol?, & = 1.20 (Figure 6.11).
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Figure 5.13: 'H NMR (400 MHz) spectra of DICH in CDCls and DTDPA, T1 and TP1 in DMSO-ds, respectively.
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5.2.8.3 Synthesis of the Tetrazole-Polymer TP2
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For the synthesis of TP2, several attempts with varying solvents and reaction times have been
conducted as described in the general procedure for the P-MCP. The respective parameters

and obtained values from SEC analysis (Figure 6.13) are collated in Table 5.1.
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Table 5.1: Overview of the reaction conditions for the synthesis of TP2 along the M, and D values for the
respective entries obtained via SEC analysis (Figure 6.13). *Reaction conducted in the microwave.

ratio reaction
Entry solvent M,[gmol?'] D
CHO / COOH / NC time
1a DCM 3:1:1 24 h 1200 1.17
1b DCM 3:1:1 72 h 1700 1.11
1c DCM 3:1:1 6d 1100 1.28
2a CHCl3 3:1:1 3d 2000 1.93
2b CHCls 225:1:1 6d 1700 1.05
2c* CHCl3 2:1:1 40 h 1300 1.27
3a CHCl3 / THF 225:1:1 24 h 1600 1.14
3b CHCl3 / THF 225:1:1 48 h 1 000 1.15
3c CHCl3 / THF 3:1:1 6d 2 000 1.13
3d CHCl3 / THF 3:1:1 11d 2 000 1.17
4a Polarclean 2:1:1 24 h 1300 1.10
4b Polarclean 2:1:1 6d 800 1.11
5 toluene / DCM 225:1:1 4d 2 600 1.77
6 toluene / DMSO 225:1:1 1d 2 300 1.03
1,2- 225:1:1
7 6d 1600 1.19

dichlorobenzene
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Figure 5.14: 'H NMR (400 MHz) spectra of the starting materials applied for the synthesis of TP2 and exemplary
spectra of TP2. The spectra of DICH, CDTDPA, T2 and entry 3d were recorded in CDCls, the spectrum of entry 1c

in DMSO-de and the one of entry 2b in DMF-dy.
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5.2.8.4 Synthesis of the Tetrazole-Polymers TP3-TP4

O—
®_0 N-N
@ N& n \
/N/\/\/\/ NN
oz
DICH
+
HO\H/\MX/\H/OH oo
O (0]
H
HDA (x=3)/ DDDA (x=8) — > NSNS
. o
(o]
OMO
N
N™
N-N T2

(o}
Y
n

H o (0]

o _-0

N“ N

v

N—N

The reaction for the synthesis of TP3 and TP4 were conducted according to the general

procedure for the P-MCP with either HDA or DDDA as bi-functional carboxylic acid. In both

reactions, CHCl3 was used as solvent with a ratio of the starting materials T2 / DICH / -COOH

2 :1: 1. The reaction of TP3 was stopped after 5 d, while the reaction of TP4 was stopped

after 4 d.
SEC (THF): M (TP3) = 2 800 g mol%, ® (TP3) = 1.53 (Figure 6.15).
M, (TP4) = 4 100 g moll, B (TP4) = 1.84 (Figure 6.15).
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5.2.8.5 Synthesis of the Tetrazole-Polymer TP5
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The tetrazole-polymer TP5 was synthesised as described in the general reaction procedure for

the P-MCP in CHCIl3 with a ratio of T2 / DICH / V-501 2 : 1 : 1. The reaction was stopped after

2d.

SEC (DMAc): Mn =2 000 g mol?, = 1.16 (Figure 6.15).
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5.2.8.6 Synthesis of the Azo-Polymer AP1
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According to the general reaction procedure for the P-MCP, 2.00 eqg. Al, 1.00 eq. DICH and
1.00 eq. V-501 were dissolved in 0.2 mL CHCls. After 1 h, 0.07 mL THF were added to increase
the solubility of the reaction mixture. The reaction was stopped after 3 d and precipitated into
ice cold MeOH. After letting the precipitate rest for 18 h at -22°C, the residue was decanted
and the desired polymer AP1 was obtained.

SEC (DMAc): M, =13 500 g mol™, © = 1.26 (Figure 6.16).

'H NMR (400 MHz, CDCl3) & / ppm: 7.89 (m, 8H, Harom-), 7.59 (m, 4H, Harom-), 7.44 (m, 4H, Harom-
), 7.24 (m, 2H, Harom-), 6.91 (m, 2H, -CO-NH-), 6.10 (m, 2H, -NH-CO-CH-0-), 3.18 (m, 4H, -CO-
NH-CHz-), 2.92-1.97 (m, 8H, -O-CO-(CHz).-C4-), 1.75-0.72 (m, 14H, -CO-NH-CHz-(CH2)2-, -Cq4-
CHs).

The 'H NMR spectrum is depicted in Figure 6.17.

5.2.9 Passerini-MCR

5.2.9.1 General Procedure for the P-MCR

In a small crimp vial, 1.00 eq of MAA and 1.00 eq. of the tetrazole-aldehyde were dissolved in
a suitable solvent (e.g. DCM, CHCls, ¢ = 1 mmol mL). Subsequently, the crimp vial was sealed
and the reaction mixture was purged with N2 for 5 min. Then, 1.00 eq. PIC were added and
the mixture was purged with N for 5 additional min. Afterwards, the reaction mixture was

stirred at 45°C, either on a conventional heating plate or in the microwave. Once the reaction
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as stopped, the mixture was diluted with DCM and washed with NaCl and HO, respectively.
The organic layer as dried over MgS04 and removal of the solvent under reduced pressure

yielded the respective product.

5.2.9.2 Synthesis of the Tetrazole-Derivative T4

o
0] o) (o}
o o
o
MAA @ PIC

The first attempt was conducted according to the general procedure for the P-MCR on a

\ T4

conventional heating plate in DCM. After a reaction time of 40 h at 45°C on a conventional

heating plate, T4 was obtained as dark brown solid with a yield of 30 %.

In a second attempt, the reaction was repeated under similar conditions in the microwave at
45°C and a reaction time of 18 h in CHCls, yielding T4 as yellow solid (65 %).

'H NMR (400 MHz, CDCls) 6 / ppm: 8.30 (d, 2H, Harom), 8.13 (m, 4H, Harom), 7.05 (d, 2H, Harom),
6.19 (m, 1H, CH3-C4-CH2-), 5.70 (m, 1H, CH3-C4-CH>-), 5.64 (m, 1H, -CO-O-CH-), 4.89 (m, 1H, -
CO-O-CH-CHz-), 4.76 (m, 1H, -CO-O-CH-CH>-), 3.89 (s, 3H, CH3-0-), 3.31 (m, 2H, -CO-NH-CH>-),
1.96 (m, 3H, CH3-C4-CO-0-), 1.57 (m, 2H, -NH-CH>-CH>-), 1.30 (m, 4H, CH3-(CH>)2-), 0.87 (m, 3H,
CHs-(CH2)s-).

13C NMR (100 MHz, CDCl3) 6 / ppm: 166.74 (-NH-CO-CH-), 165.58 (-O-CO-C4-CH3), 164.19 (-Cq-
CO-0-CH>-, -N-C4-C4-), 160.89 (CH3-O-Cqy-, -C4-CO-0-), 135.58 (-N-Cy-Cqy-), 131.55 (CH3-C4-CO-O-
), 130.62 (-C4-CHarom-), 130.31 (-N-Cq-CHarom-), 127.33 (CH3-Cq-CH2-), 127.02 (-Cq-CHarom),
121.40 (-C4-CHarom-), 114.61 (-C4-CHarom), 71.98 (-CO-O-CH-CH>-), 63.99 (-CO-O-CH-CH.-), 55.74
(CH3-0-), 39.46 (-CO-NH-CH,-), 29.57 (-CO-NH-CH>-CH,-), 28.80 (-CO-NH-(CH2)>-CH>-), 22.33
(CH3-CH>-), 18.45 (CH3-C4-CO-0-), 14.03 (CH3-CH:>-).

The 'H NMR spectrum is depicted in Figure 3.8, the 13C NMR spectrum in Figure 6.18.
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5.2.9.3 Synthesis of the Tetrazole-Derivative T6
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The reaction was conducted as described in the general reaction procedure for the P-MCR in
the microwave at 45°C in CHCIs. After 20 h, the reaction was stopped and T6 was obtained as
dark red-brown solid (79 %).

'H NMR (400 MHz, CDCl3) & / ppm: 8.48-7.80 (m, 9H, Harom-), 7.39 (M, 2H, Harom-), 7.14 (m, 2H,
Harom-), 6,17 (m, 1H, CH3-C4-CHy), 6.01 (m, 1H, -CO-O-CH-CH2-), 5.67 (m, 1H, CH3-C4-CHz-), 5.23
(m, 2H, -CO-O-CH2-CH>-), 4.37 (m, 2H, -CO-O-CH>-CHz-), 3.26 (m, 2H, -CO-NH-CH>-), 1.98 (s, 3H,
CH3-C4-CH3), 1.80 (m, 2H, -O-CH-CH2-), 1.47 (m, 2H, -NH-CH2-CHy-), 1.31 (m, 18H, CH3-(CHz)2-,
-O-CH-CH>-(CH:z)7-), 0.86 (m, 3H, CH3-(CH2)4-).

13C NMR (100 MHz, CDCl3) § / ppm: 169.67 (-CH-CO-NH-), 166.07 (CH3-C4-CO-0-), 164.57 (-Cy-
CO-0-CH>-), 161.34 (-N-C4-Cy-), 141.79 (-CHarom-Cq-CO-, -N-Cq-CHarom-), 136.15 (CH3-C4-CO-0-, -
N-Cq-Cq-), 133.29-121.32 (CH3-C4-CH>, -Cq-CHarom-, -C4-Cq-, -Cq-CHarom-), 74.46 (-CO-O-CH-CH>-),
65.59 (-CO-O-CH2-CH.-), 39.36 (-CO-NH-CH2-), 38.04 (-CO-NH-CH2-CH>), 32.11 (-CO-0-CH-CH2-
), 30.83 (-O-CH-CH>-), 29.21 (-O-CH-(CHz)2-(CH:)s-, CH3-CH2-CH>-), 26.31 (-CO-0O-(CH2)2-CH>-),
24.86 (-0-CH-CH2-CH>-), 22.71 (CH3-CH»-), 18.48 (CH3-C4-CH>), 14.21 (CH3-(CH2)4-).

The 'H and 3C NMR spectra are shown in Figure 3.9.
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5.2.10 RAFT-Polymerization

5.2.10.1 General procedure for the RAFT polymerization

Under anhydrous conditions, 1.00 eq. of the tetrazole derivative, 7.00 eq. MMA and 0.5 eq.
DTMP were dissolved in dry 1,4-dioxane (c = 1 mmol mL?). Subsequently, 0.06 eq. AIBN (from
a stock solution in dry 1,4-dioxane with a concentration of ¢ = 1 mg mL!) were added and the
reaction mixture was purged with N for 10 min. The reaction mixture was put in a pre-heated
oil bath at 90°C and stirred for 2 h. Afterwards, the reaction was cooled to ambient
temperature and the solvent was removed under reduced pressure. The residue was dissolved
in a small amount of 1,4-dioxane and precipitated into ice cold MeOH. Finally, the respective

polymers were obtained by filtration or centrifugation.

5.2.10.2 RAFT-Polymer RP1
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The reaction was conducted as described in the general reaction procedure for the RAFT
polymerization with T4 as tetrazole-derivative. After purification, the desired RAFT-polymer
RP1 was obtained as slightly yellow powder.

SEC (THF): M, = 12 700 g mol, B = 1.22 (Figure 6.21).

'H NMR (400 MHz, CDCl3) 6 / ppm: 8.23 (d, 2H, Harom), 8.03 (m, 4H, Harom), 6.99 (d, 2H, Harom),
6.11 (m, 1H, -CO-0O-CH-), 5.38 (m, 1H, -CO-O-CH-CH>-), 4.69 (m, 1H, -CO-O-CH-CH.-), 3.81 (m,

2H, -S-CH»-CH>-), 3.53 (s, 6H, CH3-0-, CH3-O-CO-), 3.23 (m, 2H, -CO-NH-CH>-), 2.16-1.70 (m, 6H,
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CH3-C4-CO-0-), 1.57 (m, 2H, -NH-CH>-CH>-), 1.40-1.01 (m, 28H, CH3-(CH>)2-, -(CH2-Cy)n-), 0.92
(m, 6H, HO-CO-C4-(CH3)2-), 0.74 (m, 6H, CH3-(CH2)s-, CH3-(CH2)11-S-).

The detailed assignment of the chemical shifts can be found in Figure 6.22.

5.2.10.3 RAFT-Polymer RP2

\N_N’ n-&
Te &S

Processing of the RAFT-polymerization with T6 as tetrazole-derivative yielded the RAFT-
polymer RP2 as pink solid.

SEC (THF): Mn =12 900 g mol?, b = 1.23 (Figure 6.21).

14 NMR (400 MHz, CDCl3) & / ppm: 8.56-7.73 (m, 9H, Harom-), 7.42 (M, 2H, Harom-), 7.17 (m, 2H,
Harom-), 6.25 (m, 1H, -CO-O-CH-CH>-), 5.39 (m, 2H, -CO-O-CH>-CH>-), 4.36 (m, 2H, -CO-O-CH;-
CHz-), 3.63 (m, 3H, CH3-0-CO-), 3.46 (m, 2H, -S-CH>-CH>-), 3.28 (m, 2H, -CO-NH-CH>-), 2.19-1.63
(m, 8H, CH3-C4-CO-, -O-CH-CH>-), 1.60-1.14 (m, 44H, -NH-CH»-CH>-(CH:)>-, -(CH2-Cq-)n-, -O-CH-
CHz-(CHz-)7, CHs-(CHz)10-), 1.01 (m, 6H, HO-CO-C4-(CHs)2-), 0.86 (m, 6H, CH3-(CHz)s-, CHs-
(CHz)11-S-).
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5.2.10.4 RAFT-Polymer RP3
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For the synthesis of RP3, the polymerization was conducted according to the general reaction
procedure with both T4 and T6. To maintain the amount of photo-sensitive moiety per
wavelength (i.e. UV and Vis), a ratioof MMA /T4 /T6 7 : 1 : 1 was chosen. The reaction yielded
RP3 as light pink solid.

SEC (THF): M, =11 400 g mol-1, = 1.41 (Figure 6.21).

'H NMR (400 MHz, CDCl3) 6 / ppm: 8.50-7.89 (m, 19H, Harom-), 7.06 (M, 2H, Harom-), 6.18 (m,
2H, -CO-0O-CH-CH>-), 5.45 (m, 2H, -CO-O-CH,-CH-), 4.76 (m, 2H, -CO-O-CH>-CH>-), 4.35 (m, 2H,
-CO-0-CH>-CHz), 3.63 (m, 3H, CH3-0-CO-), 3.89 (m, 2H, -S-CH>-CH>-), 3.58 (m, 6H, CH3-0-), 3.28
(m, 2H, -CO-NH-CH>-), 2.15-1.58 (m, 9H, CH3-C4-CO-), 1.50-1.10 (m, 52H, -NH-CH;-CHz-(CH:)2-,
-(CH2-Cq-)n-, -O-CH-CH2-(CH>-)7, CH3-(CH2)10-), 1.00 (m, 6H, HO-CO-Cy-(CH3)2-), 0.83 (m, 9H, CHs-
(CHz)s-, CH3-(CH2)11-S-).

The *H NMR spectrum of RP3 is shown in Figure 6.24.

5.2.11 Photoreactions

5.2.11.1 General Procedure for the NITEC Reaction

In general, the respective RAFT polymer (1.00 eq. with respect to the theoretical amount of
photo-sensitive unit) was dissolved in DCM with a concentration of ¢ = 20 mg L.
Subsequently, 5.00 eq. of the bis-maleimide were added and the reaction mixture was put in
the photoreactor displayed in Figure 5.15A. Depending on the photo-sensitive moiety, the

reaction mixture was either irradiated with an Arimed B6 lamp (290-370 nm, Figure 5.15B ) or
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three Avonec 3W LED lamps (410-420 nm, Figure 5.15C) for 30 min. After removal of the
solvent, the obtained folded polymer was analysed via SEC, 'H NMR spectroscopy as well as

UV/Vis and Fluorescence measurements.
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Figure 5.15A: Picture of the photoreactor equipped with a ventilator, rotating support, UV-lamp and magnetic
stirrer. B: Emission spectrum of the Arimed B6 lamp chosen for the photoreactions in the UV-range (290-- 370
nm). C: Emission spectrum of the Avonec 3W LEDs taken for the photoreactions in the Vis-range (410 — 420 nm).
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5.2.11.2 Folding of RP1 in the UV-Range (FP1, FP1’)
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Irradiation of RP1 at Amax = 320 nm in the presence of the aromatic bis-maleimide crosslinker
resulted in the formation of the highly fluorescent polymer FP1.

SEC (THF): M, = 12 100 g mol, B = 1.34 (Figure 3.14).

The *H NMR spectrum of FP1 can be found in Figure 3.12A.

If the reaction is repeated under similar conditions in the absence of the cross-linker, the non-

fluorescent polymer FP1’ is obtained.

SEC (THF): M =12 400 g mol, © = 1.36 (Figure 3.14).
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5.2.11.3 Folding of RP2 in the Vis-Range (FP2)
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The RAFT polymer RP2 was folded upon irradiation with Vis-light (410-420 nm) to obtain the
folded polymer FP2 with fluorescent properties.

SEC (THF): M» =12 200 g mol?, = 1.20.

In Figure 3.12B, the 'H NMR spectrum is shown and the respective SEC elution trace is

displayed in Figure 3.14.
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5.2.11.4 Folding of RP3 with Vis- and UV-Light (FP3, FP3’)

o\
~

N-—N N-N
' W n \
N& N N_-N
\H\NH o o 0“0 HN/((

FP3'

/ \
[o]
N NN N
N~ ~N
(o] (o)
HNH o) o o (o] HN/H/

SR
FP3 N‘N/ ON O O No \N’N
k::

In order to fold the RAFT-polymer RP3 in a A-orthogonal manner, first the irradiation in the
Vis-range (410-420 nm) was conducted, yielding FP3’.
SEC (THF): M, = 10 400 g mol, D = 1.46.
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Afterwards, the reaction was repeated with irradiation in the UV-range (Amax = 320 nm),
resulting in the completely folded polymer FP3. Both reactions were conducted for 30 min,
respectively.

SEC (THF): M» =10 300 g mol?, b = 1.46.

The 'H NMR spectra of FP3’ and FP3 can be found in Figure 3.13, the SEC elution traces are

shown in Figure 3.14.

5.3 Instrumentation

5.3.1 Nuclear Magnetic Resonance (NMR)

Spectroscopy

The NMR spectra were recorded on Bruker Avance 400 MHz or 500 MHz indicated in the
respective spectrum description. The spectra were referenced on residual solvent signal
according to Nudelman et al35: 2.50 ppm for DMSO-ds, 2.75 for DMF-d7, 3.58 ppm for THF-ds
and 7.26 ppm for CDCls. The deuterated solvents were purchased from Euriso-TOP and used

without further purification.

5.3.2 Electron Paramagnetic Resonance (EPR)
Spectroscopy

The spectra were recorded on a Magnet Tech MiniScope MS400 spectrometer at ambient

temperature in DMSO. The following parameters were applied: BO-field =336.9748 + 10.1079

mT, sweep time = 30 s, modulation = 0.01 mT, microwave attenuation = 10.0 db, gain mantisse

=4, gain exponent = 1, number of points = 4096, number of passes = 1.
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5.3.3 Nuclear Overhauser Effect Spectroscopy

(NOESY)

The NOESY NMR spectra are recorded either on Bruker Avance |l+ 600 MHz spectrometer
equipped with a 5 mm BBI inversely detected *H,3!P-19Ag double resonance probehead with
actively shielded z-gradient, on Bruker Avance Il 600 MHz spectrometer with a 5 mm CPTCI
inversely detected 'H,*3C,*>N triple resonance cryogenically cooled probehead with actively
shielded z-gradient or on Bruker Avance Ill 600 MHz spectrometer with a 5 mm TBI inversely
detected *H, 31P-109Ag, 13C double resonance probehead with actively shielded z-gradient. The
respective frequencies are 600.19 MHz and 599.70 MHz and 600.19 MHz for proton
frequency. The temperature is controlled with Bruker VT-unit or a Bruker Smart VT-Unit. The
used NOESY pulse sequences are implemented in the spectrometer manufacturer software

and are based on publications of Wagner3® and Thrippleton.3¢’

5.3.4 Ultraviolet-Visible (UV/Vis) Spectroscopy

The absorbance spectra were recorded on a Cary 100 UV-Visible Spectrometer (Agilent
Technologies, USA) possessing a tungsten halogen light source (190 to 900 nm, accuracy +/- 2
nm) and a R928 PMT detector. For the measurement, the polymers were dissolved in the
respective solvent with concentrations given in the description of the spectra. The samples

were baseline corrected with respect to the pure solvent.

5.3.5 Chemiluminescence (CL) Measurements

Chemiluminescence spectra were recorded on a Varian Cary Eclipse fluorescence
spectrometer in the Bio-/Chemiluminescence mode. The CL emission intensity was recorded
in dependence on the wavelength from 300 to 800 nm (scan rate = 600 nm min, averaging
time = 0.1 s, emission slit = 5.0 nm, detector voltage = 800 V) with a luminol concentration of
7.5 x 102 mol L? for the small molecule model study and a polymer concentration of

3.25*%10* mmol mL* for the supramolecular assembly.
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5.3.6 Fluorescence Spectroscopy

The fluorescence spectra were recorded on a Varian Cary Eclipse fluorescence spectrometer.
All spectra were recorded in quartz cuvettes at ambient temperature. The solvent,

concentration and excitation wavelength is given in the description of the respective spectra.

5.3.7 Gas-Chromatography - Mass Spectrometry
(GC-MS)

A Varian 431 GC instrument with a capillary column FactorFourTM VF-5 ms (30 m'0.25
mm’0.25 pum) and a Varian 210 ion trap mass detector were used. Scans were performed from
40 to 650 m/z at a rate of 1.0 scans's'. The oven temperature program was: initial
temperature 95 °C, hold for 1 min, ramp at 15 °C'min* to 200 °C, hold for 2 min, ramp at 15
°C'min! to 325 °C, hold for 5 min. Measurements were performed in split—split mode (split

ratio 50:1) using helium as the carrier gas (flow rate 1.0 mL'min™).

5.3.8 Size-Exclusion Chromatography (SEC)

THF SEC: The apparent number average molar mass (Mn) and the molar mass distribution [P
(dispersity index) = Mw/M.] values of the polymers were determined using a size exclusion
chromatography (SEC) system equipped with Shimadzu LC20AD pump, Wyatt Optilab rEX
refractive index detector and four PLgel 5um Mixed-C columns. The characterization was
performed at 30 °C in THF with a flow rate of 1.0 mL'mint. The molecular weight calibration
was based on sixteen narrow molecular weight linear PMMA standards from Polymer

Laboratories.

DMACc SEC: The analysis of the M, and D values in DMAc were performed on a Polymer
Laboratories PLGPC 50 Plus Integrated System equipped with a PLgel 5 um bead-size guard
column (50 x 7.5 mm) followed by three PLgel 5 um Mixed-C columns (300 x 7.5 mm) and a
differential refractive index detector. As eluent, DMAc containing 0.03 wt% LiBr at 50°C with
a flow rate of 1.0 mL min! was applied. The molecular weight calibration was based on PMMA

standards from Polymer Laboratories.

120



5.3 Instrumentation

5.3.9 Dynamic Light Scattering (DLS)

The apparent hydrodynamic diameters (Dh,app) Were determined at 20 °C by means of a
dynamic light scattering (DLS) analysis using a Zetasizer Nano ZS light scattering apparatus
(Malvern Instruments, UK) equipped with He-Ne laser (at a wavelength of 633 nm, 4 mW). The
Nano ZS instrument incorporates a non-invasive backscattering (NIBS) optic with a detection
angle of 173°. The polymer solutions were prepared in the respective solvent (¢ =1 mg mL™?)
and subsequently filtered into disposable micro cuvettes or quartz glass cuvettes. The
prepared samples were stabilized prior to DLS analysis at an ambient temperature. All values
of the apparent hydrodynamic diameter for each polymer mixture were averaged over three
measurements (14 runs/measurement), and were automatically provided by the instrument

using a cumulative analysis.
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6 Appendix

In the following section, additional data are provided that are not displayed in Chapter 3.

6.1 Additional Figures of Chapter 3.1
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Figure 6.1: 13C NMR (100 MHz) spectra of luminol-TBD and Luminol-TBD + H20, in DMSO-d.

123



6 Appendix

NH, O

TBD Luminol

Luminol-
TBD
{

H,0,

3-AP

|~’/ﬁ

0 5 10 15 20

Luminol-
TBD
+H,0,

*

time / min
B
NH, o
< o)
o
< 0 °
™ mass (calculated): 163.03 g mol™
o NH, ¢OH mass (found): 163.0 g mol”!
AOH @ T OH L
) ] N
T T T

N
@)

N
I
+
a
m
Ty
)
£
E /Lj\__/\J
= o~ N
|

y T T T T T T T T
50 100 150 200 250 300
m/z

Figure 6.2A: GC chromatograms of luminol, TBD, luminol-TBD, H20,, commercially available 3-APA and luminol-
TBD+H202 in MeOH. B: MS spectra of 3-APA and luminol-TBD+H,02 in MeOH.

124



6.1 Additional Figures of Chapter 3.1

A b
Cac e eH *M
(0) OC‘) o (¢} NH O DMF
d

LP1
hul bul
m m
Q -
gt
O
z-z
IT
o
*
QO
]
o
)

b a a b
¢ N\ ¢ He
- 0 Yo 0"No oo CDCl,4
8 F F “j F F
< F: iF :F F: iF :F ) a-c, e
AL wlund J ‘,U
I I I . I I . I
12 10 8 6 4 2 0
o/ ppm

LP1
3

AEC1
[e]
©
3
3 o
m  °n
) Q
Rl o
37\ on O
—0
5 %d
UQ
m (o}
E'ﬂ on O

L 1 L 1 L 1 L 1 L 1 L 1 L 1 L
-140 145 150 155  -160 -165 170  -175  -180
o/ ppm

Figure 6.3A: 'H NMR (400 MHz) spectra of AEC1 in CDCl3 and LP1 in DMF at ambient temperature. B: °F NMR
(377 MHz) spectra of AEC1 in CDCls and LP1 in DMF at ambient temperature.

125



6 Appendix

A —— AEC1 (M, =6 500 Da, & = 1.49)
—— LP1 (M, =7400 Da, b =1.54)

2>

2

Q

£

pe}

N

‘©

£

2

T T T T T T T T T T T T T
16 18 20 22 24 26 28 30
retention time / min
B [—LP2(M, =11300Da, b=134)
—— LP2' (M, =16 700 Da, D = 1.44)
LTP2 (M, =5 200 Da,

> D =1.76)
‘»

C

[0
ks
gl

1)
N
©

£

o

C

T T T T T T T T T T T T T T T T T

18 19 20 21 22 23 24 25 26 27 28
retention time / min

Figure 6.4A: SEC elution trace of AEC1 and LP1 in THF at 30°C. B: SEC elution trace of LP2, LP2’ and LTP2 in DMAc
at 50°C.

126



6.1 Additional Figures of Chapter 3.1

A -
3 o *
-
, . OH
I 1 I
« 3
Q et N
-Q I
E d‘(Nk‘ N/\/\OH
OH S
1 L I I L
-
(m] N el a’f
m * .
0 f@? . h
o
N s e
T I I : I : 1 -
@)
: Cl/g\h/i\OH *
® i :
™ : I I I
D c d
m b TN e CDCI
— ag)\\/Njf 3 adled te
: I I — — I
10 8 6 4 2 0
o/ ppm
B = =
g © j(:\)'NINMOH
= 7,7 A Sy ® *
5
1 I| 1 1 1 1
-
3o v
-
1
1 H 1 1 1 1
-
Qo
-
T 1 1 1 1 A 1 1 1 1
@)
i e __oH 10 8‘ o
O 8 10 .
™ I I I I : I | ] I 1
% zﬁN - CDCl, g
- 7 1 H7\” 6 3 4Ii 5‘|2
| ]
I A 1 " I : 1 : 1 : 1 " lL| “. 1 :
160 140 120 100 80 60 40 20 0
6/ ppm

Figure 6.5A: 'H NMR (400 MHz) and B: 3C NMR (100 MHz) spectra of TBD1a and ¢ in CDCls and TBD1b in DMSO-
de. The spectra were recorded after different experimental setups (a: THF, 24 h, b: THF, 18 h, c: EtOH, 70 h).

127



6 Appendix

N
A o
m © *
[
g 1
m © .
[
8 1
m < -
h *
X A
8 1
mm
[
* A
e
(ONe)
© « .
1 l n n
% [ d
@ cocl, ':CN J a inf,d lbj
H
10 8 6 4 2 0
o/ ppm
B &
m'c 6l1s 4 -.2
- " - | A |
1 N 1 1 1 1 1 1
-
a TF 4
m © s 13 6l 1|9 p
- 7 2v1,NWOH 3|18 9 5
wmw
L 1 N 1 L 1 L 1 1 1 1
N
g.o 6| 4 2
- 13 3| 4 5
1 1 1 1 L 1 1 1 |
N
o 4 d 2
Em 15 6|8 4 5
* 3
| N L n o
1 1 1 1 1 1 N 1 .u I
8 zﬁN"s CDCl, o
= 7 SN 7NT6 1
H 3. 4 5||2
I i | 1
1 L 1 L 1 L 1 L 1 L 1 L 1 L 1

160 140 120 100 80 60 40 20 0
o/ ppm
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Figure 6.7A: 'H NMR (400 MHz) and B: 3C NMR (100 MHz) spectra of TBD3 in CDCls at ambient temperature.

The spectra were recorded after different experimental setups (a: EtOH, 22 h, b: EtOH, 6 h, c: THF, 6 h).
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6.2 Additional Figures of Chapter 3.2
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Figure 6.11: SEC elution trace of TP1 in THF at 30°C.
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Figure 6.16: SEC elution trace of AP1 in DMAc at 50°C.
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Figure 6.18: 3C NMR (100 MHz) of T4 in CDCls.
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Figure 6.20: UV/Vis spectra of T5 and T6 in DCM at ambient temperature (c = 0.2 mg mL?).
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Figure 6.22: 'H NMR (400 MHz) spectrum of RP1 in CDCls.
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Figure 6.24: 'H NMR (400 MHz) spectrum of RP3 in CDCls.
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6.3 List of Abbreviations

AA L-ascorbic acid

AEC active-ester copolymer

AIBN 2,2’-azobisisobutyronitrile

3-APA 3-aminophthalic acid

ATRP atom transfer radical polymerization
Bis-Mal bi-functional maleimide

BPO benzyl peroxide

cat. catalyst

CL Chemiluminescence

CIEEL chemical-induced electron-exchange luminescence
CuAAC copper(l)-cat. alkyne-azide cycloadditions
b dispersity

DBU 1,8-diazabicyclo[5.4.0]Jundec-7-ene
DCM dichloromethane

DDDA dodecanedioic acid

DFT density functional theory

DICH 1,6-diisocyanohexane

DIPA diisopropylamine

DLS dynamic light scattering

DMAc N,N-dimethylacetamide

DMAN 1,8-bis(dimethylamino)naphthalene
DMAP 4-Dimethylaminopyridine

DMF N,N-dimehtyl formamide

DMP Dess-Martin periodinane

DMPO 5,5,-dimethyl-1-pyrroline N-oxide
DMSO dimethyl sulfoxide

DP, degree of polymerization

DPA 9,10-diphenylanthracence

DTBP di-tert-butylperoxide

DTDPA 3,3’-dithiodipropionic acid
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DTMP
EDC
EtOAc
EPR
FRP
GC-MS
HDA

ISC
LDA

MAA
MCR
(Me-)B-CD
M

My
MMA
NBS
NIR
NITEC
NMP
NMR
NOESY
o-MBA
PAT
PIC

PG
P-MCP
P-MCR
PFP-A
PFP-MA
PPM

2-(dodecylthiocarbonothioylthio)-2-methylpropionic acid

1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide
ethyl acetate

electron-paramagnetic resonance

free radical polymerization

gas chromatography — mass spectrometry
heptanedioic acid

Internal conversion

Intersystem crossing

lithium diisopropylamide

wavelength

methacrylic acid
Multi-Component-Reaction

(methylated) B-cyclodextrin

molar number average

molar mass average

methyl methacrylate
N-bromosuccinimide

near infrared

nitrile-imine mediated tetrazole-ene cycloaddition
nitroxide-mediated polymerization
nuclear magnetic resonance

nuclear Overhauser effect spectroscopy
ortho-methyl benzaldehyde
pyrene-aryl-tetrazole

1-pentyl isocyanide

protecting group

Passerini multi-component polymerization
Passerini multi-component reaction
pentafluorophenyl acrylate
pentafluorophenyl methacrylate

post-polymerization modification
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PO

PS
RAFT
ROS
RDRP
SEC
SOD
TBD
TCPO
TEA
THF
TMG
TMPD
TU
uv
V-501
VBC
Vis
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peroxyoxalates

polystyrene

reversible addition-fragmentation chain transfer
reactive oxygen species
reversible-deactivation radical polymerization
size exclusion chromatography

superoxide dismutase
1,5,7-triazabicyclo[4.4.0]dec-5-ene
bis(2,4,6-trichlorophenyl)oxalate
triethylamine

tetrahydrofuran
1,1,3,3-tetramethylguanidine
2,2,6,6-tetramethyl-4-piperidone

thiourea

Ultraviolet

4,4’-azobis(4-cyanovaleric acid)

4-vinyl benzylchloride

Visible
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